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Abstract
Humans receive large quantity of information from the environment with sight and hear-
ing. To help us to react rapidly and properly, there exist mechanisms in the brain to bias
attention towards particular regions, namely the salient regions. This attentional bias is
not only influenced by vision, but also influenced by audio-visual interaction. According
to existing literature, the visual attention can be studied towards eye movements, however
the sound effect on eye movement in videos is little known.
The aim of this thesis is to investigate the influence of sound in videos on eye movement
and to propose an audio-visual saliency model to predict salient regions in videos more
accurately. For this purpose, we designed a first audio-visual experiment of eye track-
ing. We created a database of short video excerpts selected from various films. These
excerpts were viewed by participants either with their original soundtrack (AV condition),
or without soundtrack (V condition). We analyzed the difference of eye positions between
participants with AV and V conditions. The results show that there does exist an effect
of sound on eye movement and the effect is greater for the on-screen speech class. Then,
we designed a second audio-visual experiment with thirteen classes of sound. Through
comparing the difference of eye positions between participants with AV and V condi-
tions, we conclude that the effect of sound is different depending on the type of sound,
and the classes with human voice (i.e. speech, singer, human noise and singers classes)
have the greatest effect. More precisely, sound source significantly attracted eye position
only when the sound was human voice. Moreover, participants with AV condition had a
shorter average duration of fixation than with V condition. Finally, we proposed a pre-
liminary audio-visual saliency model based on the findings of the above experiments. In
this model, two fusion strategies of audio and visual information were described: one for
speech sound class, and one for musical instrument sound class. The audio-visual fusion
strategies defined in the model improves its predictability with AV condition.
iii

Re´sume´
Les eˆtres humains rec¸oivent de grandes quantite´s d’informations provenant de l’environ-
nement gra`ce a` la vision et a` l’audition. Pour nous aider a` re´agir rapidement et effi-
cacement, il existe des me´canismes dans le cerveau qui porteut notre attention sur des
re´gions particulie`res, a` savoir les re´gions saillantes. Ce biais attentionnel n’est pas seule-
ment influence´ par la vision, mais aussi influence´ par l’interaction audiovisuelle. Alors que
l’attention visuelle a fait l’objet de nombreuses e´tudes, l’effet du son sur les mouvements
oculaires a encore peu e´te´ explore´.
L’objectif de cette the`se est d’e´tudier l’influence du son dans les vide´os sur le mou-
vement des yeux et de proposer un mode`le de saillance audiovisuelle pour pre´dire les
re´gions saillantes dans les vide´os avec plus de pre´cision. A` cette fin, nous avons conc¸u une
premie`re expe´rience audiovisuelle d’oculome´trie. Nous avons cre´e´ une base de donne´es
d’extraits de vide´os choisis dans divers films. Ces extraits ont e´te´ regarde´s par les partici-
pants de l’expe´rience, soit avec leur bande son originale (condition audiovisuelle AV), soit
sans bande sonore (condition visuelle V). Nous avons analyse´ la diffe´rence des positions
des yeux entre les participants dans les conditions AV et V. Les re´sultats montrent qu’il
existe effectivement un effet du son sur le mouvement des yeux et que cet effet est plus
important pour la classe de son « parole a` l’e´cran ». Ensuite, nous avons conc¸u une sec-
onde expe´rience audiovisuelle avec treize classes de son. En comparant la diffe´rence des
positions des yeux entre les participants avec les conditions AV et V, nous avons observe´
que l’effet du son est diffe´rent selon le type de son, et que les classes contenant de la voix
humaine (c’est-a`-dire les classes de ”parole”, ”chanteur”, ”bruit humain” et ”chanteurs”)
ont le plus grand effet. De plus, la source sonore a fortement attire´ le regard seulement
lorsque le son contenait de la voix humaine. En outre, les participants avec la condition
AV avaient une dure´e moyenne de fixation des yeux plus courte que les participants avec
la condition V. Enfin, nous avons propose´ un mode`le pre´liminaire de saillance audiovi-
suelle base´ sur les re´sultats des expe´riences. Dans ce mode`le, deux strate´gies de fusion
d’informations audiovisuelles ont e´te´ propose´es: l’une pour la classe de son ”parole”, et
l’autre pour la classe de son ”instrument de musique”. Les strate´gies de fusion audiovi-
suelles de´finies dans le mode`le ame´liorent la pre´cision de pre´diction des re´gions saillantes
pour la condition AV.
v
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Chapter 1
Introduction
In daily life, human receives a large quantity of information from the environment using
five senses: vision, hearing, taste, smell and touch. Among these five senses, we rely most
on the sense of sight (vision). About 80% of the information we take from the environment
is provided by our eyesight [Begbie 1996]. Through visual perception, we obtain a lot of
information, which helps us to better analyze the environment. For example, during a
navigation task, sight helps us to avoid the obstacles. Visual perception of the environment
is a complex task, which requires a large number of mechanisms. In the brain, the visual
cortex is responsible for processing this visual input. The primary visual cortex transmits
information to two primary pathways: one called the dorsal stream, which is associated
with motion, representation of object locations, and control of the eyes; the other is the
ventral stream, which is associated with shape recognition and object representation.
Large amounts of visual information reach our eyes at all times, and our visual ability
is not infinite. In order to react fast and properly after receiving information from the
environment, there exist mechanisms in our brain to identify a subset of available sensory
information from a scene before further processing it. These mechanisms of attention
guide the bias toward particular regions. The eyes are going to focus on some particular
regions called salient regions that attract attention. The sensors of vision are eyes, which
work by allowing light to enter and converting it into electro-chemical impulses in neurons.
In the eye, high-resolution images are provided by the center of retina called fovea, which
is responsible for sharp central vision. Larger visual field with lower resolution is provided
by the rest part of the retina.
The study of eye movement enables a better understanding of the visual system and the
mechanisms in our brain to select salient regions. Modeling the visual attention system
will help to predict salient regions. There are a lot of applications of this kind of models.
The selection of salient region can be used for example to control the level of compression
in videos, or to more efficiently guide a mobile robot.
1
2 Introduction
Besides vision, hearing (audition) is also an important sense for human to gather
information from the environment. For example, during a navigation task, alarm sound
also helps us to avoid obstacles. In the brain, the auditory cortex is a region that processes
sound and thereby contributes to our ability to hear. The neurons of the primary auditory
cortex can be considered to have receptive fields covering a range of auditory frequencies,
in a manner that, the neurons at one end of the auditory cortex respond to low frequencies,
and those at the other end respond to high frequencies. The rest of auditory cortex areas
handle further processing and make it possible to distinguish sounds as speech, music,
or noise. In order to react fast after hearing the sound from the environment, there
also exist mechanisms of attention in the brain to guide the bias toward the particular
salient events in audios. Modeling the auditory attentional system will help to predict
these salient events, and can also be applied on event detection, such as speech or music
detection.
1.1 Problems
Our different senses receive correlated information from the same objects or events, and
this information is combined in our brain. Hence, human behavior is not only influenced
by each sense separately, but also influenced by the interaction of different senses. It
appears thus important to study for example how vision interacts with hearing. Early
researches considered one sense separately from other sensory modalities. The integration
of features within single modality (such as visual or auditory) has been actively studied.
Recently, studies of cross-modal integration have been proposed. [Quigley 2008] inves-
tigated the influence of audio-visual interaction on eye movement. They focused on how
different locations of sound source influence eye movement. The sound was played by
loudspeakers in different locations (four conners of a screen), meanwhile the visual stimuli
were static images. However, sound effect on gaze for videos was still unknown:
• Has the sound an influence on eye movement, when looking at videos (dynamic and
complex stimuli) with its original soundtrack?
• Moreover, is this influence different, depending on the type of sound?
A few audio-visual saliency models, which simulate the behavior influenced by audio-
visual interactions, have been utilized in some applications, for instance to select keyframes
in videos [Lee 2011, Wang 2012]. In these examples, a visual saliency model is used
to predict salient regions in frames, and an audio saliency model is used separately to
predict salient audio events. Each model gives a one-dimensional saliency value for every
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frame (therefore the spacial information provided by the visual saliency model is lost).
Keyframes are selected based on the combination of visual and audio saliency curves. A
first work has been performed during the internship of H. Buhr [Buhr 2009]. It allowed to
implement and test the audio saliency model of Kayser et al. [Kayser 2005]. The problem
was complex and the results were difficult to be interpreted, then it has been decided
in GIPSA-lab to design and analyze audio-visual experiments to better understand the
phenomena. The first experimental study concerns this PhD. A second study started in
2011 with the Master thesis of A. Coutrot, then currently pursuing with a PhD.
1.2 Objectives
The first objective of this thesis is to provide a better understanding of the influence of
audio-visual interaction on human behavior. For that, we designed audio-visual experi-
ments to investigate the influence of sound on human gaze when looking at videos. More
precisely, we want to find answers to the two questions described in section A.1.
Secondly, based on the knowledge acquired from the above experiment, we want to
complete an existing visual saliency model with an additional audio pathway. The ob-
jective is to propose an audio-visual saliency model that predicts more accurately salient
regions for videos with soundtrack.
1.3 Contributions
In this thesis, two audio-visual experiments are designed to explore the influence of audio-
visual interaction on eye movement. During the experiments, participants are divided
into two groups: the first group of participants watch the video data with its original
soundtrack (audio-visual (AV) condition); the second group of participants watch the same
video data without any sound (visual (V) condition). The sound influence on gaze when
looking at videos, is investigated, through the analysis of the difference of eye positions
between the two groups of participants. Based on this study, a preliminary audio-visual
saliency model is proposed to predict salient regions in videos with soundtrack. The
contributions of this thesis are briefly summarized as follows:
• Sound influences eye movement in videos.
To answer the first question whether there is an influence of sound on eye movement
in videos, the first audio-visual experiment (experiment I) was designed to investi-
gate the influence of audio-visual interaction on eye movement. Design and analysis
of this experiment I are described below:
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− Design of the experiment: First, one data set consisting of short video excerpts
selected from various films, had been created with two conditions: AV condi-
tion, the video data set with original soundtrack; V condition, the same data
set without soundtrack. Then two groups of participants were asked to watch
the same video data set, but with two different conditions (AV and V). The
eye positions of the participants of each group were tracked and recorded by
an eye tracker.
− Analysis of the eye position data: We defined three classes of sound: on-screen
speech class (the speakers appear on screen), non-speech class (any kind of
audio signal other than speech) and the non-sound class (intensity of sound
signal below 40 dB). We observed that the difference of eye positions for the
two groups of participants (respectively with AV and V conditions) was greatest
for the on-screen speech class. Moreover, the prediction accuracy of a visual
saliency model decreased when it was applied on videos with AV condition
rather than those with V condition.
• Different types of sound influences eye movement in videos differently.
Our first experiment showed that sound influenced eye movements differently de-
pending on the sound type. To enrich our study of the influence of audio-visual
interaction on eye movement, the second audio-visual experiment (experiment II)
was designed. Design and analysis of this experiment II are described below:
− Design of the experiment: Another data set consisting of short video excerpts
selected from various films, had been created with AV and V conditions. Com-
pared to the data set in experiment I, we introduced thirteen more refined
sound classes. Another difference was that the video excerpts were chosen
with two successive sounds (for example, music then speech). The onset of
second sound, which was relevant to visual scene, occurring in the middle of
excerpts, to avoid the simultaneous change of visual and audio contents as for
cuts.
− Analysis of the eye position data: We investigated thirteen types of sound sep-
arately and observed that the effect of sound was different depending on the
kind of sound, and the classes with human voice (i.e. speech, singer, human
noise and singers) had the greatest effect. Furthermore, we assumed that the
sound source in the frame attracted attention and therefore calculated the dis-
tance between sound source and eye positions of the group of participants with
AV condition. The results suggested that only particular types of sound attract
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human eye position to the sound source. Finally, in order to find whether the
sound has influences on fixation duration, we analyzed the difference in fixation
durations between AV and V conditions.
• Proposal of a preliminary audio-visual saliency model.
Through the analysis of the distance between sound source and eye positions of the
group with AV condition in experiment II, we found that not always the sound source
represents the attractive (salient) regions, depending on the type of sound. Based
on this observation, we proposed two kinds of fusion of the audio-visual information:
− For speech class: The sound source (talking face) was the attractive (salient)
region for participants with AV condition. Hence, if the sound is classified to
speech class, we considered the speaker’s face as the salient region.
− For music class: The player’s face was experimentally more attractive than
the sound source (musical instrument). Hence, if the sound is classified to
music class, we considered the player’s face as the salient region.
1.4 Organization
This thesis presents the work described in section A.3 with the following structure:
Chapter 2 - Visual and audio attentions, interaction and saliency-based
model
This chapter introduces the background of this thesis. It begins with a brief intro-
duction to human visual and audio systems, and the attentional mechanisms. Then
current research on the influence of audio-visual interaction on human behavior is
presented. Finally, main visual or audio saliency-based models are described.
Chapter 3 - Experiment I: Is there an influence of sound on eye move-
ment in videos?
This chapter presents the details of audio-visual experiment I, which purposes to
investigate the sound influence on eye movement. This analysis is based on the
comparison of the different eye positions between the two groups of participants
respectively with AV condition and V condition.
Chapter 4 - Experiment II: Which type of sound influences eye move-
ment in videos?
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This chapter presents the details of audio-visual experiment II, following by a deeper
investigation of the influence of audio-visual interaction on eye movement with a
more refined sound classification. Besides the analysis of the difference of eye posi-
tions of the two group of participants with AV condition and V condition, the sound
influence on the duration of eye fixation is also presented.
Chapter 5 - Preliminary audio-visual saliency model
This chapter proposes two different fusion strategy of motion and face for speech
and music classes. For speech class, fusion strategy I is used to identify talking face
as salient region. For music class, fusion strategy II is used to identify player’s face
as salient region.
Chapter 6 - Conclusions and perspectives
This chapter provides a general discussion on the results and models presented in the
previous chapters. Based on this discussion, we draw conclusions of this dissertation
work, and propose some future working directions.
Chapter 2
Visual and audio attentions,
interaction and saliency-based model
From our sight and hearing, we receive a large quantity of information about the environ-
ment. The fast processing of this information helps to react rapidly and properly. Hence,
there exists mechanism in our brain to bias attention towards particular regions or events,
called salient regions or events. This attentional bias is not only influenced by visual and
auditory information separately, but also influenced by audio-visual interaction.
In this chapter, we briefly present the structures of human visual and auditory systems.
Then, we introduce the main researches on auditory-visual integration in the brain and the
influence of audio-visual interaction on human behavior. Finally, several computational
visual or audio saliency models, which simulate attentional mechanism to predict regions
with interest, are described.
2.1 Human visual and auditory system
2.1.1 Visual system
The human visual system consists of two functional parts: the eye and part of the brain.
Eyes are organs of sight, detecting light and converting it into electro-chemical impulses in
neurons. The brain processes the complex image analysis. In the following, we introduce
the biological composition of the eye briefly.
Fig. 2.1 (a) shows a cross section of the human eye with the identification of its most
important parts. Our perception of a visual scene is determined by the light rays (emitted
or reflected) from that scene. When these light rays are strong enough and within the
right range of the electromagnetic spectrum (about 300 to 700 nm), the healthy eye sends
an electric signal to the brain through the optic nerve. When a light ray crosses the eye,
it will pass through the cornea, the aqueous humor, the iris, the lens, and the vitreous
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(a) (b)
Figure 2.1: Visual system (a) Structure of the eye [Astroweb ] (b) The primary visual
cortex, the lateral geniculate nucleus (LGN), and the optic nerve in the brain. [Stanford-
Site ].
humor, and finally the retina. The cornea is a transparent protective layer, which acts
as a lens and refracts the light. The iris can determine the amount of light that can
pass through by changing its size. The light rays are detected and converted to electrical
signals by photoreceptors in the retina.
In the retina, there are two types of photoreceptors: rods and cones. The rods respond
only to light and dark, spreading all over the retina, except the fovea, with an abundant
quantity (about 100 millions in a human eye) [Osterberg 1935]. The cones locate in one
small area of the retina (the fovea) with smaller number (6 to 7 millions), and are sensitive
to color. The fovea is the area of the retina where our vision is sharpest, corresponding
to an area of about 5◦ of the visual field. It is characterized by a density of cones much
larger than in the peripheral area. This difference in distribution of photoreceptors can
be explained by goal-saving system resources on the resolution of the visual information.
Hence, in order to have the best visual acuity, we need to move the eye to the area, where
we want to analyze in detail, with the center of the retina (fovea). About 50% of the
information, which is extracted by the retina, came from the fovea. The rest 50% of the
information is from other part of retina. That is why we concentrate on the detail of the
center of the fovea to have best visual information.
The visual cortex is the largest system in the human brain and is responsible for
processing the visual image. Visual input to the brain goes from eye to lateral geniculate
nucleus (LGN) and then to primary visual cortex (V1) (see Fig. 2.1 (b)). The LGN
is a sensory relay nucleus in the thalamus of the brain. Early responses of V1 neurons
consist of sets of selective spatio-temporal filters. In the spatial domain, the functioning
of V1 can be considered as many spatially complex Fourier transforms, or more precisely,
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Gabor transforms. Theoretically, these filters together can carry out neuronal processing
of spatial frequency, orientation, motion, speed (temporal frequency).
2.1.2 Auditory system
In earlier processing of the human auditory system, the sound enters the ear, affecting
the cochlea to initiate vibrations of the basilar membrane, then, transducer into spatio-
temporal response on auditory nerve. Human ear consists of three stages, outer ear,
middle ear and inner ear (see Fig. 2.2 (a)), each fulfilling an essential function.
• Outer ear: It locates on the external part of the ear, gathering sound energy and
directing sound waves to the eardrum of the middle ear. The configuration of the
outer ear boosts the frequencies around 3 kHz of sound pressure. Human speech
sounds are distributed in this band around 3 kHz. This is an explanation why the
outer ear amplification makes us most sensitive to frequencies of human speech.
• Middle ear: It locates between the eardrum and the oval window of the inner ear’s
cochlea. The main function of this structure is to translate the sound waves into
mechanical vibrations as efficiently as possible and to send this information to the
following inner ear.
• Inner ear: It is a bony labyrinth, comprising two main functions: the organ of
hearing (cochlea) and the organ of balance (vestibular apparatus).
(a) (b)
Figure 2.2: Auditory system (a) Structure of the ear [StanfordWeb ] (b) Overview of
the cochlear functions [IfdWeb ].
In the inner ear, the cochlea is the most important auditory portion. It is a spiraled,
hollow and conical chamber of bone. The main function of the cochlea is to separate a
complex sound into its constituent tonal components. It transduces the waves from the
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middle ear to nerve impulses, then, transmitted to the brain through nerve fibers. In
order to separate different frequencies in the sound wave, different regions of the basilar
membrane through the oval window have particular frequency to initiate oscillations of the
organ (see Fig. 2.2 (b)). The orifice of the cochlea is sensitive to the higher frequencies,
and lower frequencies travel deeper down the cochlea. Thus, all the points along the
cochlea response to a special frequency [Shamma 2001]. A more detailed explanation is
described by Pickles [Pickles 2012].
The output of the cochlea carries the impulses to the brain. This nerve consists of
thousands of fibers and arises extends to the brain stem. In the brain stem, these fibers
contact with the cochlear nucleus, and making the next stage of neural processing in the
auditory system. Hence, the cochlear nucleus is the first station in the human auditory
system, and the binaural preprocessing begins at this stage.
In the brain, the region which processes the auditory information is called auditory cor-
tex. The mechanisms of the auditory cortex are still unknown according to our knowledge.
Primary study shows that the neurons in the auditory cortex are organized according to
the different frequencies of sound. It is in a manner that, the neurons at one end of the
auditory cortex respond to low frequencies, and those at the other end respond to high
frequencies.
In analogy to the visual cortex, there exist multiple auditory areas to distinguish a
complete frequency map. The purpose of this frequency map is not clear. However, it is
likely to reflect the fact that the auditory system, such as the cochlea, is arranged by the
sound frequency.
Auditory scene analysis (ASA)
The process of auditory system taking the mixture of sound from a complex natural
environment and sorts it into packages of acoustic evidence, is called “auditory scene
analysis (ASA)”, in which each package of acoustic evidence has arisen from a single
source of sound. This grouping helps to separate information from different sources for
pattern recognition [Bregman 1990].
When we use our sense of hearing to understand the properties of sound events from the
surroundings, often, we are interested in a single stream of events, such as a violin playing,
a person talking, or a car approaching. However, in a natural listening environment, the
acoustic energy produced by each sound event sequence is mixed together. All the energy
raise from concurrent events at the listener’s ears. To understand how the brain could
build separate perceptual descriptions of sound-generating events despite this mixing of
evidence, auditory scene analysis (ASA) is proposed.
The formation of ASA consists of processes of sequential and simultaneous grouping:
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− Sequential grouping: It is determined by similarities in the spectrum from one mo-
ment to the next. Sequential integration is not only involved in the grouping of a
sequence of discrete, but also in the sequential integration of frequency components,
for example the integration of the speech of a single voice in a mixture of voices.
− Simultaneous grouping: When sounds are mixed, the auditory system must divide
up the total set of acoustic components into subsets that come from different sources.
To achieve this purpose, it uses properties of the incoming mixture that tend to be
true whenever a subset of its components has come from a common source. The
grouping of simultaneous components affects many aspects of perception, including
the number of sounds, pitch, timbre, loudness.
2.2 Audio-visual interaction
2.2.1 Auditory-visual integration in the brain
Usually, human receive information of the surroundings from more than one sense. Hence,
study of the mechanisms of cross-modal integration is necessary. Although the integration
of features within single modality (such as visual or auditory) has been actively studied,
research into similar cross-modal integration processes is less explored. The information
processed by cross-modal integration comes from many different sensory systems (such
as visual and auditory), meanwhile, in single modality, information is from single system.
Hence, the process of cross-modal integration is more complex. In humans, most research
work on multi-sensory integration is still at the stage of demonstrating the phenomenon
and understanding the operative factors at perceptual and behavioral levels [King 2009,
Mercier 2012]. In the following, we mainly discuss the current research on when and
where auditory and visual information integrate.
When auditory and visual information integrate?
It has been recognized that integrating auditory and visual information implies a decision
about whether or not two (or more) sensory cues originate from the same event [Stein 1993,
Ko¨rding 2007]. It means that the auditory and visual information only occurs if there is
sufficient evidence that they are due to a common event (see Fig. 2.3).
Recent studies of nervous system show that auditory and visual stimuli can be in-
tegrated by bimodal cells, exhibiting spatially overlapping both in auditory and visual
receptive fields [Groh 2002, O’Brien 2010]. Some researchers suggest a spatio-temporal
“window” for auditory-visual integration. When auditory and visual stimuli are within
this window, they are always perceived as spatially coincident. If the time difference
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(a)
(b)
Figure 2.3: Auditory-visual integration (a) The auditory and visual perception of the
single audio-visual event with overlapping. (b) The auditory and visual perception of
different audio-visual event (the two signals without overlapping) [InriaWeb ].
between the auditory and visual stimuli is larger than this “window”, the integration be-
tween them will decrease a lot. The size of this “window” extends over approximately
100 ms [Lewald 2001]. A deeper study discussed the influence of duration of stimuli of
auditory and visual to the size of this “window”. The results indicate that when auditory
and visual stimuli have unequal durations, there exists a shift in perceived synchrony.
This shift in perceived synchrony was observed in the expected negative direction for
longer auditory stimuli durations and in a positive direction for longer visual stimuli
durations [Kuling 2012].
Where auditory and visual information integrate in the brain?
The perceptual coherence of auditory and visual information is achieved by integrative
brain processes. The exact interaction area where the visual and auditory pathways
meet to govern processing in the nervous system, still remains unknown, especially when
it comes to attentional modulations [Ahveninen 2012]. There are a number of cortical
area candidate for examining the neural substrates of multi-sensory processing [Ghazan-
far 2006,Carriere 2008]. The cortical anatomy of multi-sensory areas in the primate brain
is shown in Fig. 2.4.
Where auditory and visual information integrate in the brain? It is an important
question for researchers on auditory-visual integration to find out that whether humans
brought multi-sensory information together in the primary sensory processing. Moreover,
which cortex areas are associated with this processing? For example, after audio stimuli,
the auditory information activates the primary visual cortex directly, or it has to be first
processed by the primary auditory cortex and then higher-order association areas?
To discover the neural mechanisms of auditory-visual integration, studying the infor-
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mation flow of audio-visual process in the human brain is a crucial pathway [Liang 2008,
Marchant 2012]. [Molholm 2002] proposed an investigation of the timing and topogra-
phy of cortical auditory-visual integrations, using high-density event-related potentials
(ERPs) during a reaction-time task. There are two ways to investigate the temporal as-
pects of brain processing during audio-visual integration: electroencephalography (EEG)
and functional magnetic resonance imaging (fMRI) [Burton 2006]. The limitation of EEG
is that it cannot provide the actual propagation route across different brain regions in
great detail. Meanwhile, to deal with high spatial resolution but relatively low tempo-
ral resolution, fMRI emphasized spatial localization of brain activity during audio-visual
processing, but only a few fMRI studies have investigated the temporal sequence of brain
activations. A rather recent fMRI study by [Alpert 2008] focused on the temporal charac-
teristics of audio-visual processing, using mutual information to assess the relative timing
of activations in different brain areas under simultaneous audio-visual (AV) stimulations
as well as separate auditory and visual stimulations [Driver 2008]. A number of studies
have demonstrated that the relative timing of audio-visual stimuli is especially important
for speech signals in multi-sensory integration, although the neuronal mechanisms under-
lying this complex behavior are unknown. A recent research indicated that a disruption in
the temporal synchrony of an audio-visual signal related prefrontal neurons could underlie
the loss in intelligibility which occurs with asynchronous speech stimuli [Romanski 2012].
Figure 2.4: The cortical anatomy of multi-sensory areas in the primate brain. Colored
areas represent regions where the information from multi-sensory information interact. In
V1 and V2, the multi-sensory interactions seem to be restricted to the representation of
the peripheral visual field [Ghazanfar 2006].
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The mechanisms of auditory-visual integration in the brain are briefly introduced above.
Based on these mechanisms, the influence of audio-visual interaction on human behavior
is discussed in the following section.
2.2.2 Influence of audio-visual interaction on human behavior
From current psychophysical studies, we know that human response significantly faster
for spatially and temporally overlapping bimodal audio-visual than for unimodal (audio
or visual) [Sinnett 2008,Frens 1995,Corneil 2002]. The studies on audio-visual interaction
concentrate on two areas: the influence of visual input on auditory perception and the in-
fluence of acoustic input on visual perception. Speech is a special audio stimuli: numerous
studies are focused on audio-visual interaction of speech [Alho 2012]. Study from [Tuo-
mainen 2005] provided an evidence of the existence of a specific mode of multi-sensory
speech perception. Other types of sound are less investigated.
Visual cues influence audio perception
A lot of researches provide the evidences of the perceptual fusion between audio and vi-
sual information, especially for speech. An early evidence is the “McGurk Effect”. The
“McGurk Effect” is a phenomenon that demonstrates a perceptual fusion between audi-
tory and visual (lip-reading) information in speech perception. In this experiment, a film
of a young woman’s talking head was shown to the participants, and repeated utterances
of the syllable [ba] had been dubbed on to lip movements for [ga], normal adults reported
hearing [da] [McGurk 1976]. More research about this “McGurk Effect” are continued.
Research from [Cohen 1994] provided an evidence of this “McGurk Effect” perceivers
with all language backgrounds, and it also works on young infants [Rosenblum 1997].
Another well-known audio-visual interaction is that visual “lip-reading” helps to under-
stand speech, when speech is in poor acoustical conditions or in foreign language [Jef-
fers 1971,Summerfield 1987]. Another audio-visual interaction is that ’lip-reading’ seeing
the speaker’s lips enables the listener to better extract useful acoustic information from
noise [Schwartz 2004].
Auditory cues also influence visual perception
Previous studies showed that when the auditory and visual signals came from one and
the same location, the sound can guide attention toward a visual target [Perrott 1990,
Spence 1997]. Besides, other studies demonstrated that synchronous auditory and visual
events can improve visual perception [Vroomen 2000,Dalton 2007]. Another study consid-
ered the situation that audio and visual information are not from the same spatial place.
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The result showed that the synchronous sound “pip” makes the visual object pop out from
its complex environment phenomenally [Van der Burg 2008].
More recently, some observations of the mechanisms of speech stimuli and visual in-
teraction demonstrated that lip-read information was more strongly paired with speech
information than non-speech information [Vroomen 2011].
[Quigley 2008] investigated how different locations of sound source influence eye move-
ment. The sound was played by loudspeakers in different locations (left, right, up and
down), meanwhile, the visual stimuli were static images. The results showed that eye
movements were spatially biased towards the regions of the scene corresponding to the
locations of the loudspeakers. Auditory influences on visual location also depend on the
size of visual target [Heron 2004].
While the interaction of features within audio and visual modalities has been ac-
tively studied, the sound effect on human gaze when looking at videos with their orig-
inal soundtrack is less explored. In the context of research at GIPSA-lab, Coutrot et
al. [Coutrot 2012a] showed by using some metrics (dispersion of eye positions, Kullback-
Leibler divergence, and fixation duration) that sound has an effect on human gaze. Our
previous results in [Song 2011a, Song 2011b] with different experimental conditions also
concluded that sound affects human gaze in videos.
2.3 Attention and eye movements
2.3.1 Attentional processes
Mechanisms exist in the human brain to identify a subset of available sensory information
from a scene before further processing [Itti 1998, Kalinli 2007]. These mechanisms of
attentional guidance play a key role in the allocation of resources. These attentional
focused regions are influenced by two types of processes: one is “bottom-up” and the
other is “top-down”.
Bottom-up process
Bottom-up process is an early involuntary and task-independent attentional process. In
visual signal, it helps to select and gate visual information based on saliency in the image
itself, with various low-level features (orientation, color, motion, etc.) [Desimone 1995].
In audio signals, bottom-up saliency is focused on abrupt changes, transitions and abnor-
malities in the stream of soundtrack events, like sudden noises or change of sound type in
movies [Kalinli 2007].
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Top-down process
Top-down process is a voluntary and task-dependent attentional process. It is based
on previously learned models (such as expectations, task demands, and emotions) to
understand complex scenes, for example searching plates on table (in visual signal) or
searching speech in soundtrack (in audio signal).
Trying to understand the relationship between bottom-up and top-down guided selec-
tion processes has captured the attention of researchers [Nordfang 2010]. The studies
show that bottom-up mechanisms are faster and top-down mechanisms implement our
longer-term cognitive strategies [Connor 2004,Parkhurst 2002,Tatler 2005].
2.3.2 Eye movements
Eye movements tightly linked to visual attention [Hoffman 1995,Awh 2006]. Furthermore,
eye movements also represent the influence of audio-visual interaction on human behavior
[Vo˜ 2012]. The eyes can be moved voluntarily, however, most eye movements are through
reflexes. There are three principal types of eye movements: vergence movements (or
convergence), saccades, and pursuit movements (or smooth pursuit).
Vergence movements
Vergence movements (or convergence) are the movements to point the fovea of both eyes
on a near object, to make sure that the image of the object being looked at falls on
the corresponding spot on both retinas. When we change our binocular fixation between
targets differing in distance but not in direction relative to the head, we perform this
vergence movements of the eyes [Erkelens 2011].
Saccades
Saccades are the rapid eye movements that we make while scanning a visual scene between
targets differing in direction. During each saccade, the eyes put the regions, which we are
interested in, on the center of the fovea. This eyes movements are controlled by a local,
non-visual feedback loop, and are extremely fast (30 and 80 ms) and can reach an angular
speed of more than 900◦ per second.
Between two continuous saccades, the eyes stop moving on a region in the visual scene
for a period of time. During this period of non-movement, the visual information is
processed by the brain. This period is called a fixation and usually lasts between 250 and
500 ms.
The saccade amplitude and fixation duration are related to the quantity of information
to be processed during this fixation. One of the main purpose for these saccades is to
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scan a greater area with the high resolution of the fovea [Findlay 2009]. Saccades are the
fastest eye movements compared to vergence and pursuit eye movements [Oyster 1999].
According to a recent research, near borders, saccades were large and mainly directed in
parallel with the borders [Hooge 2012].
Pursuit movements
Pursuit movements (or smooth pursuit) are the movements that the eyes make during
the tracking of moving objects. In order to gather more visual information, this eye
movement tries that moving object remains stable on the fovea [Carlson 2009]. The
pursuit movements are unlike saccades that they are “smooth”, without any stop during
the pursuit. These pursuit movements cannot be initiate without the moving object
[Stoper 1973]. Compared to saccades, the speed of movements is slower, with a maximum
speed of about 100◦ per second.
2.4 Computational attention models
In the previous sections, we introduced the studies of attentional mechanism of visual and
auditory-visual integration in neuroscience aspect. Moreover, psychologists have studied
the behavioral correlates of visual attention for human and the influence of audio-visual
interaction on human behavior. Inspired by these studies, computer scientists tried to
simulate this attentional mechanism to create computational attention model, which helps
to select important objects from mass of information. This computational attention model
provides another way to better understand attentional mechanism. Furthermore, this
computational attention model is useful for applications. It can help to select regions of
interest to enhance efficiency in applications such as video compression, image synthesis,
and robot guidance.
2.4.1 Feature Integration Theory (FIT)
Bottom-up process is driven by low-level features. The saliency models depending on the
intrinsic features of the visual stimuli, are called“bottom-up models”and most of them are
inspired by the Feature Integration Theory (FIT) of Treisman and Gelade [Treisman 1980].
The first FIT posits that attention must be directed serially to each stimulus in a display
whenever conjunctions of more than one separable feature are needed to characterize
or distinguish the possible objects presented [Treisman 1980]. Later, other experiments
provided more support for this FIT model, that when conjunctive targets are grouped,
participants serially scan between groups of targets rather than between individual targets
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in visual search [Treisman 1982]. Finally, FIT was completed by that parallel processing
occurs when the target has a unique distinguishing feature [Treisman 1985]. Based on
previous researches, Wolfe proposed a guided search model. The heart of the guided
search model is that attentional deployment of limited resources is guided by the output
of the earlier parallel processes [Wolfe 1994].
Based on this FIT theory, a visual stimulus is represented by several elementary feature
maps such as luminance, texture, color, edges, orientations and motion. Then, each
feature map is normalized to emphasize the regions that are different from their context.
All the feature maps are fused together to compose a saliency map. This saliency map
emphasizes the salient regions of the input visual scene. The fusion of the different feature
maps is usually carried out by a simple sum.
2.4.2 Visual saliency models
Inspired by the Feature Integration Theory (FIT), Koch and Ullman proposed the first
visual saliency model based on bottom-up process in 1985 [Koch 1985]. They concluded
that early processing stages are able to predict salient regions of a visual scene fairly
quickly. Based on this model, a series of visual saliency models had been proposed in
recent 20 years. The most popular one is proposed by Itti and Koch [Itti 1998]. In
our lab, it exists a spatio-temporal bottom-up saliency model, proposed by Marat et
al. [Marat 2010]. This model performs among the upper third of thirty-five computational
models of visual attention on video stimuli [Borji 2012].
The Koch-Ullman model
In 1985, Koch and Ullman proposed the first biologically plausible visual attention model
[Koch 1985]. It modeled visual bottom-up process and it is based on the properties of the
visual stimuli to predict the salient areas that attract attention.
This visual attention model has three different stages (see Fig. 2.5) to predict the
salient regions:
− From the input image, different visual features are extracted separately, and each
feature has its own feature map. These feature maps represent the topographic map
in the brain. They decompose the visual stimuli like the visual cortex decompose the
elementary visual stimuli. These feature maps extract different elementary features,
such as orientation of line segments, colors, motion disparity, etc.. Lateral inhibition
within these feature maps enhances the local conspicuity. These regions are the
evidences that correspond to the attribute. The output of these maps is combined
in the saliency map, which encodes salient features in the visual scene.
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Figure 2.5: The framework of the visual attention model proposed by Koch and Ullman
[Koch 1985].
− The results from Winner Take All (WTA) can determine the more salient regions
in the saliency map. These regions are called Focus of Attention (FOA). The WTA
and the details of how it is implemented are important contributions of Koch and
Ullman’s work.
− After the process of selection of more salient regions, the central representation
contains the visual properties of the particular area, and the selected location. The
FOA moves to a new area, which inhibits the previous FOA region. Through the
WTA mechanism of inhibition, it returns and selects the new most salient region.
The Itti-Koch model
Based on the architecture of the previous model by Koch and Ullman, the most popular
visual attention model is proposed by Itti and Koch in 1998 [Itti 1998]. We tested the
accuracy of the prediction of this model in Chapter 4, so we describe this model in detail
here. The concept maps computed from attribute of massive parallel, and the network
WTA “inhibition of return” are taken from the system of Koch and Ullman. This model
focuses only on bottom-up process.
Different attribute maps are extracted from the input scene (Fig. 2.6). In the model
proposed in 1998, feature maps are combined into three groups of features:
• Intensity I
I = (r + g + b)/3 (2.1)
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Figure 2.6: The architecture of the visual attention model proposed by Itti, Koch and
Niebur [Itti 2005].
Where r, g, and b are the red, green, and blue channels of the input image. In order
to decouple hue from intensity, the r, g, and b channels are subsequently normalized
by I. I is used to create a Gaussian pyramid I(σ).
• Color C
Four broadly-tuned color channels are created:
R = r − (g + b)/2 (2.2)
G = g − (r + b)/2 (2.3)
B = b− (r + g)/2 (2.4)
Y = (r + g)/2− |r − g| /2− b (2.5)
• Orientation O
Local orientation information is obtained from I, using oriented Gabor pyramids
with four preferred orientation: 0◦, 45◦, 90◦, and 135◦.
Two additional groups of features are added in 2003 [Itti 2003]:
• Flicker F
F is computed from the absolute difference between the luminance In of the current
frame and that In−1 of the previous frame.
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• Motion R
Motion is computed from spatially-shifted differences between Gabor pyramids from
the current and previous frames, with the same four Gabor orientations as in the
orientation channel, yielding one shifted pyramid S for each Gabor pyramid O.
Rn = |On ∗ Sn−1 −On−1 ∗ Sn| (2.6)
After the extraction of the features, these maps of attributes are transformed to a
“conspicuity map” to locate each location in the visual field by a scalar quantity and to
guide the selection of attended locations. This process is based on the spatial distribu-
tion of saliency. In order to solve the problem of different dynamic ranges and extraction
mechanisms, Itti and Koch proposed a map normalization operator N (.). It globally
promotes maps with a small number of strong peaks of activity (conspicuous locations),
while globally suppressing numerous comparable peak responses. The biological moti-
vation behind the design of N (.) is that it coarsely replicates cortical lateral inhibition
mechanisms. The operator N (.) normalized all the maps in the same range, then each
map is multiplied by:
(M −m)2 (2.7)
where, M is the map’s global maximum location, and m is the average of all the other
local maxima. Because only local maxima of activity are considered, N (.) ignores homo-
geneous areas and responses associated with meaningful “activitation spots”. This process
measures the difference between the most active location and the average, through com-
paring the maximum activity in the entire map to the average overall activation. When
this difference is large, the map is strongly promoted with the most active location. Oth-
erwise, the map contains nothing unique and is suppressed.
Feature maps are combined into five separate “conspicuity maps”, then normalized and
summed into the final input S to the saliency map:
S =
1
5
(N (I) +N (C) +N (O) +N (F ) +N (R)) (2.8)
At any given time, the maximum of the saliency map corresponds to the most salient
stimulus that attracts attention. This maximum is selected by a biological implementation
of a maximum detector, called WTA neural network.
Siagian and Itti applied this model on a robot localization system in the outdoor
environment [Siagian 2007]. Because strong influences on attention and eye movements
come from task demands, Baluch and Itti studied the mechanisms of top-down attention
[Baluch 2011]. Then, Borji, Sihite and Itti proposed models of top-down visual guidance
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using Bayesian Networks [Borji 2011]. Inspired by this classic Itti’s attentional model,
[Perreira Da Silva 2010] proposed a hierarchical, competitive and non-centralized model
without using saliency maps. This new computational model of visual attention was
realized on a real-time system by simplifying the calculation processes.
The spatio-temporal saliency model by Marat et al.
In our lab, Marat et al. proposed a spatio-temporal saliency model to predict eye move-
ments. This biologically inspired model (based on bottom-up process) consists of two
pathways: static pathway and dynamic pathway [Marat 2009]. The framework of this
model is shown in Fig. 2.7. This model is tested in the following chapters. This model
has been completed with a third pathway -face pathway recently [Marat 2012].
Figure 2.7: The framework of the spatio-temporal saliency model proposed by Marat et
al. [Marat 2009].
This model is inspired by the first steps of the human visual system: from the retina to
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the primary visual cortex. First, it extracts two signals from one frame which correspond
to the two main outputs of the retina (parvocellular and magnocellular).
Each signal is then decomposed into elementary features by the cortical-like filters.
Here, Gabor filters are used to model V1 cells to extract frequencies, orientations and mo-
tion information. These filters extract both static and dynamic information, and provide
two saliency maps: a static and a dynamic one, according to their different frequencies.
In static pathway, two types of interactions based on the range of the receptive fields
are considered: short and long interactions. The short interactions represent inhibition
between neurons of neighboring orientations and overlapping receptivity. The long inter-
action occurs among collinear neurons beyond the receptive fields.
Dynamic pathway is linked to motion, particularly to the motion which is against the
background. A motion estimator is used to calculate the speed of moving region against
background. After, a temporal median filter is applied to remove noise.
The last stage is to fuse the two saliency maps (from static and dynamic pathway) to
obtain a spatio-temporal saliency map. Four different fusions are proposed, where, Ms
represents the static saliency map, while Md represents the dynamic saliency map:
• Mean fusion
It takes the pixel average of the two saliency maps:
Mmean =
Ms +Md
2
(2.9)
• Max fusion
It takes the maximum of the two saliency maps for each pixel:
Mmax = Max(Ms,Md) (2.10)
• Multiplicative fusion
It is a pixel by pixel multiplicative fusion corresponding to a logical and:
Mand = Ms ×Md (2.11)
Then, to be adapted to this fusion, Marat et al. proposed the fourth fusion method
[Marat 2010]:
• Reinforced fusion
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The saliency maps weighted by the appropriate characteristic:
MRsd = Max(Ms)×Ms+Skewness(Md)×Md+(Max(Ms)×Ms)×(Skewness(Md)×Md)
(2.12)
The two last models will be used as references later.
2.4.3 Audio saliency models
Although auditory and visual system have anatomical differences, the mechanism in audi-
tory is similar to that in visual sensory [Shamma 2001]. Several audio attention models are
proposed and demonstrated that such models can serve a conceptual basis for comparing
the principles underlying of attention across sensory systems.
The Kayser model
The essential concept of auditory saliency modeling was proposed by Kayser et al. in
2005 [Kayser 2005]. Compared to the visual attention model proposed by Itti and Koch,
the main difference is concentrated on the feature extraction. Feature maps in this model
(Fig. 2.8) are clarified by means of a spectrogram, a visual representation of how the
frequencies in a sound change over time. The horizontal axis represents time and the
vertical one, frequency. The salient event of sound is represented by the brightness of
that point in the diagram.
This auditory saliency map extracts individual features, such as spectral or temporal
modulation, in parallel way. These features represent various levels of sound feature,
analyzed by auditory neurons. After the feature extraction, different sets of filters are
used to quantify: sound intensity, frequency contrast, and temporal contrast. Then,
all the features are compared across scales with a center-surround mechanism to get
the “conspicuity maps” for each feature. To obtain a feature-independent scale, these
maps are then normalized with an asymmetric sliding window. In a manner consistent
with psychoacoustical masking effects, this window is extended into the past and future.
Finally, all the “conspicuity maps” from individual features are combined, in analogy to
the idea of the FIT.
The Tsuchida model
Unlike Kayser’s model above, which transforms the visual saliency paradigm proposed by
Itti et al.to the auditory domain, Tsuchida and Cottrell proposed a auditory salience using
natural statistics model (ASUN) [Tsuchida 2012]. This ASUN model is an extension of the
visual saliency model – salience using natural statistics model (SUN model) [Zhang 2008].
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Figure 2.8: The framework of the audio saliency model proposed by Kayser et al.
[Kayser 2005].
The ASUN model uses a single feature map, which is learned by using independent com-
ponents analysis (ICA) of natural sounds. The salience at any point is based on the
rarity of the realistic auditory feature responses at that point – novelty attracts attention.
This model only concentrates on bottom-up portion of SUN. The framework of the audio
feature transformation is presented in Fig. 2.9.
Besides the audio saliency model described above, other models are briefly introduced
in the following:
− For a specific application on speech attention, Kalinli and Narayanan completed
the audio saliency model by two additional “conspicuity maps” from the feature
extraction of orientations and pitch distribution [Kalinli 2007].
− An auditory attention model is proposed by Duangudom and Anderson to detect
what part of a complex auditory scene is most important to analysis [Duangu-
dom 2007]. This model relies on the inhibition of features generated from auditory
Spectro-Temporal Receptive Fields (STRF) to compute a saliency map, identifying
what is most salient in a complex scene. In their model, the extraction features
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Figure 2.9: The framework of the audio saliency model proposed by Tsuchida and
Cottrell [Tsuchida 2012].
are: global energy, temporal modulation, spectral modulation and high temporal
spectral modulation.
− Recently, a saliency-based model based on the Discrete Energy Separation Algorithm
(DESA) [Litvin 2010], which is used to separate speech and music components
from mixed audio stream, is proposed to detect perceptually important audio event
[Zlatintsi 2012]. The results from this model are a compact representation of the
audio stream by tracking the components with maximal energy contribution across
frequencies and time. Note that this model has been tested in [Coutrot 2012b,
Coutrot 2013]. This study concluded that with the video dabase used, gaze is
weakly influenced by the elementary audio features considered in the model.
2.4.4 Audio-visual saliency models
The saliency map idea is derived from vision, then expanded to audio. Recently, cross-
modal interaction of auditory and visual modalities has played an important role in the
prediction of human spatial saliency and has been utilized in applications. We present an
audio-visual saliency model proposed by [Ma 2005], which is applied on video summariza-
tion.
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The audio-visual saliency model for keyframe selection
This model consists of three steps: extraction of primary elements of basic channels
from the video sequence, generation of saliency curves from a set of attention modeling
separately, fusion of these saliency curves to a comprehensive saliency curve. Their work
mainly focuses on visual and audio saliency models. The framework of this model is shown
in Fig. 2.10.
Figure 2.10: The framework of the audio-visual saliency model proposed by Ma et
al. [Ma 2005].
− Visual saliency model
They model the visual attention by two perceptual models (motion attention model
and static attention model), a semantic attention model (face attention model), and
a guided attention model (camera motion model).
− Audio saliency model
Audio saliency is based on sound energy, assuming that human may pay attention
to a sound if one of the following cases occurs: i) an absolute loud sound measured
by average energy of sound; ii) the sudden increases or decreases of the loudness
measured by energy peak.
− Fusion
The visual, audio and linguistic saliency curves obtained from different individual
channels described above are fused in linear and nonlinear schemes.
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There also exists other audio-visual saliency models applied on video summarization
with similar architecture, but different extraction of features from visual and audio signals
[Evangelopoulos 2008b,Wang 2012], and also applied on video coding [Lee 2011].
The audio-visual saliency model for robot
Another aspect of application of audio-visual saliency model concerns the perception
system of robots. In this application, audio saliency model helps the robot to locate
the sound source in the space, through turning robot’s head and eyes [Ruesch 2008,
Ku¨hn 2012]. A very recent study in [Ramenahalli 2013] proposed a simple audio-visual
saliency model, which was based on the fusion of visual saliency map and the location of
sound source. The sound source space was modeled to be spatially coincident with the
visual space.
The work by [Ruesch 2008] presents a multi-modal bottom-up attention system for the
humanoid robot where the robot’s decisions to move eyes and neck are based on visual
and acoustic saliency maps. This model consists of three steps: visual saliency model,
spatial auditory saliency model and multi-modal saliency aggregation. In Fig. 2.11, the
ego-sphere is a projection surface for spatially related information.
Figure 2.11: The framework of the audio-visual saliency model proposed by Ruesch et al.
[Ruesch 2008]. Saliency computed from single signal to multi-modal saliency aggregation
(left to right). Spatial auditory saliency is shown as a vector containing center location
and uncertainty information of direction.
− Visual saliency model
Visual saliency is composed of the results from filters for intensity, color and motion
detection.
− Spatial auditory saliency model
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Spatial auditory saliency maps are generated using the position of detected sound
sources in the space. The position of a sound source is estimated using interaural
spectral differences (ISD) and the interaural time difference (ITD). Spatial auditory
saliency is shown as a vector, containing center location, and uncertainty information
in longitudinal and latitudinal direction.
− Multi-modal saliency aggregation
After converting the visual and audio saliency information to a common egocentric
frame, it is required to combine the visual and audio sensory modalities into an
aggregation final map. This is done by taking the maximum value across visual and
audio saliency channels at each location.
Due to the fact that auditory output is one dimension, lacking of spatial information,
these applications above, only use the audio attention model to select key frame for
video scene. There exists no such cross-modal interaction attention model to fuse the
two saliency models in two dimensions. However, the cross-modal attention model that
predicts the salient regions with the help of audio information is still a gap in the research.
2.5 Conclusion
Human beings have a multitude of senses to receive information from surroundings.
Among all senses, two important senses: sight and hearing are introduced. First, hu-
man visual and auditory systems are introduced separately. Then, we focus on where
and when auditory and visual information integrate in the brain. There exists evidences
that audio influences on visual perception and vice versa. Some current researches of the
influence of audio-visual interaction on human behavior are then discussed.
In order to select useful information from a huge quantity of information from the
environment, we have mechanisms of attention selection to bias attention toward the
particularly events both in visual and audio information, which help us react properly
and rapidly. These attentional focused regions are influenced by two types of processes:
one is a task-independent process, called “bottom-up” and the other is a task-dependent
process, called “top-down”.
At last, several principal computational attention models, inspired by bottom-up pro-
cess and the feature integration theory (FIT), separately in visual and audio are presented.
The cross-modal saliency model that predicts the salient regions with the help of audio
information is still a gap in the research, meanwhile the sound affects on human gaze
when looking at videos with their original soundtrack is less explored.
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In the following chapter, an audio-visual psychological experiment on eye movement is
designed and the sound effect on human gaze is investigated through the analysis of the
eye position data.
Chapter 3
Audio-visual experiment I
In previous chapter, latest studies showed that audio-visual interaction have an influence
on human perception. Visual cues can influence audio perception; on the other hand,
audio stimuli also can influence visual perception. To evaluate the audio influence on
visual attention, investigation of eye movements is a possible way. For static image, the
study of [Quigley 2008] indicated that eye movement behavior during the audio-visual
condition was the result of an audio-visual interaction process, and the location of the
loudspeaker (which carried out the soundtrack) had an influence on eye positions (right
or left). However, for videos, does the influence of audio on eye movement still exist? If
it exists, how audio stimuli affects visual attention and eye movement for videos?
To answer the questions above, we design an audio-visual experiment to study the
sound influence on eye movements when looking freely at videos. In this experiment, we
create two sets of short video excerpts. One set has audio and visual information: it
consists of video excerpts with their original soundtrack (called AV condition). The other
set has only visual information: it consists of the same video excerpts without soundtrack
(called V condition). Two groups of participants took part in this experiment: one group
watched all the video excerpts with AV condition; and the other group of participants
watched the same video excerpts with V condition. Eye positions of the participants from
two groups were recorded.
This chapter describes the audio-visual experiment, and analyzes the difference of eye
positions between the two groups of participants. To complete the analysis, it presents a
comparison of the eye position with AV and V conditions separately with a visual saliency
model. The objective is to evaluate whether the prediction accuracy of the visual saliency
model is influenced by sound. Finally, the chapter studies the effect of the sound source
localization in the frame on eye movement. This work has been partially presented in two
conferences ( [Song 2011a,Song 2011b]).
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3.1 Eye movement experiment
An audio-visual experiment was designed to investigate the sound effect on gaze when
looking at videos, through analyzing the eye positions from the participants. The main
idea of this experiment was to divide all the participants to two groups: one group watched
the video excerpts without soundtrack (V condition) and the other group watched the
same video excerpts with original soundtrack (AV condition). We investigated the sound
effect through analyzing the eye position differences between these two groups of partici-
pants (with AV and V conditions).
3.1.1 Apparatus
All the eye positions were recorded with an eye tracker, named Eyelink II (SR Research).
The EyeLink II system consists of several miniature cameras mounted on a padded head-
band. These cameras are setting in front of each eye, but they do not shelter against the
sight from the participants. Through these cameras, the positions of the two eyes and the
pupils are recorded, and the system calculates the positions of the eye on the screen. Two
eye cameras allow binocular eye tracking and easy selection of the participant’s dominant
eye without any mechanical reconfiguration. The head of the participant is fixed on a
chin strap that keeps a constant distance between the face of the participant and the
screen during the experiment. The principal technical specifications of Eyelink II in this
experiment is shown in Table 3.1 [EyelinkWeb ].
Table 3.1: The principal technical specifications of Eyelink II
Technical specifications
Sampling frequency 250 Hz
Average accuracy < 0.5 ◦
Spatial resolution (standard deviation) 0.01 ◦
Saccade event resolution 0.05 ◦ microsaccades
During this experiment, the sampling frequency is 250 Hz to record the eye positions.
These eye position data can be filtered to obtain the duration of saccades and fixations.
During one fixation, the eyes rest in the same region. While the eye movement from one
fixation to another is considered as a saccade. The stimuli in our experiment to induce
eye movements are videos, with or without soundtrack.
3.1.2 Participants
Thirty human participants (10 women and 20 men, aged from 21 to 31) were divided
to two groups: fifteen participants viewed video excerpts with their original soundtrack
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(AV condition), and the other fifteen participants viewed the same video excerpts without
soundtrack (V condition). All participants had normal or corrected to normal vision, and
reported normal hearing. They were ignorant of the purpose of the experiment.
3.1.3 Materials
In this experiment, sixty video excerpts lasting 5 to 8 seconds, called clip snippets, were
selected from heterogeneous film sources. The sum of all the clip snippets represented
16402 frames. Each clip snippet was converted to the same video format (25 frames per
second, 608 × 272 pixels per frame). The sixty clip snippets were then recombined into
ten clips, and the structure is shown in Fig. 3.1. Each clip consisted of 6 clip snippets,
which came from different film sources. Fig. A.1 shows the content of each snippet in
“clip 1”.
Figure 3.1: The structure of the sixty video excerpts. Six snippets constituted one clip,
and there were ten clips in total.
Figure 3.2: The content of each snippet in “clip 1”. Each snippet came from different
film sources
Because the spatio-temporal saliency model [Marat 2009] calculated in section 3.4 did
not consider color information, we used gray level videos as stimuli in the experiment.
Two sets of stimuli were built from these clips: one with AV condition (clips with original
soundtrack), and the other one with V condition (clips without any soundtrack).
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The clip snippet was chosen from films with original soundtrack, which were relevant in-
teresting in both visual and audio fields. In the visual domain, the clip snippets contained
various contents, including objects, events, characters, sports and so on. Meanwhile, in
the audio domain, the soundtrack contained speech, music, noise and some typical sounds
such as rain, knocking a door, etc..
For the reason that we only considered the bottom-up process, the participants viewed
the videos without any particular task. Moreover, in order to reduce the effect caused
by top-down process, two details of setting were introduced in this experiment. First, as
we discussed in chapter 2, the mechanism of top-down process normally influenced atten-
tion in the later time [Henderson 1999, Wolf 2000, Tatler 2005]. This influence impacted
participants differently over time. Therefore, we concatenated short clip snippets to clips
as proposed in [Carmi 2006]. Another aspect, in order to prevent the participants from
understanding the language in the video, we chose foreign language films, like Chinese,
Indian, Japanese, etc..
3.1.4 Procedure
Human eye positions were recorded by an eye tracker Eyelink II and the clips were pre-
sented by SoftEye (a software tool) [Ionescu 2009]. SoftEye is a flexible software tool,
synchronized with the eye tracker. All the required data analysis such as eye positions,
saccades, fixations detected by the Eyelink II system was recorded in a single file. During
the experiment, all the participants were sitting with their chin supported in front of a
19-inch color monitor with 60 Hz refresh rate. The distance between the participant’s
face and the monitor was 57 cm. The usable field of vision was 20◦ × 10◦. The stereo
soundtrack was carried by two stereo speakers, placed symmetrically to the monitor. Al-
though the participants were required not to move their head during the experiment, it
was hard for them to keep the head completely stable. To reduce the error of eye positions
cased by the head movement, a 9-point calibration was carried out every five clips. Be-
fore each clip, we presented a drift correction, then a fixation in the center of the screen.
Fig. A.2 illustrates the time course of this experimental trials. Participants were asked
to look at the ten clips without any particular task. All these ten clips were presented to
each participant with random order. Each participant only watched the all clips with one
condition – AV or V.
3.1.5 Human eye position density maps
The eye-tracker records eye positions at 250 Hz as mentioned in section 3.1.1. We recorded
ten eye positions (for the left eye) per frame and per participant. The median of these
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Figure 3.3: Time course of two clips with AV condition. To control the gaze of par-
ticipant, a fixation cross is presented at the center of the screen before each clip. This
sequence is repeated for all the ten clips with random order for each participant.
positions was taken (with X-axis median and Y-axis median) for each frame and for each
participant.
For each image k, we obtained a human eye position density map, noted as Mh(x, y, k):
Mh(x, y, k) =
n∑
j=1
δ(x− xj, y − yj)
and δ(x− xj, y − yj) =
{
1 if x = xj and y = yj
0 if not
(3.1)
where n is the number of participants, (xj, yj) is the median eye position of participant j.
In the following calculation, a two-dimension Gaussian was added to each eye position.
The standard deviation of the Gaussian was chosen to have a diameter at mid-height
equal to 0.5◦ of visual angle, which is close to the size of the maximum resolution of the
fovea.
3.2 Eye position analysis intra each group
Our purpose was to find out whether sound influenced on eye movements when looking
at videos. First, the dispersion of the eye positions intra each group (with AV or V
condition) was investigated. We tried to evaluate the sound influence through comparing
the difference of dispersion from two groups, with AV and V conditions.
In order to investigate the consistency of the eye positions of the participants in each
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group (with AV or V condition), we calculated the dispersion intra each group. The
dispersion Dp is defined as:
Dp =
1
n2
∑
i,j<i
di,j (3.2)
where, n is the number of participants in one group (with AV or V condition), di,j is the
Euclidean distance of eye positions between participants i and j, and participants i and
j are in the same group.
Fig. 3.4 explains how to calculate the “average value of sixty clip snippets”. All the
sixty snippets were synchronized with the starting frame of each snippet. For example
in Fig. 3.5, the value of “dispersion” of frame 1, was the mean of dispersion value of all
the snippets for frame 1. This “average value of sixty clip snippets” calculation was not
only applied on the “dispersion” calculation, but also on NSS calculation in the following
section 3.4.
Figure 3.4: Explanation of how to calculate the average value of sixty clip snippets. All
the sixty snippets were synchronized with the starting frame of each snippet.
In Fig. 3.5, the low dispersion value represents the eye positions of the participants
more focused on the same region. The behavior of dispersion for each group of participants
is similar over time. The dispersion is high at the beginning, because eye positions are on
the region located at the end of previous clip snippets. From frame 1 to 9, the dispersion
decreases sharply and the minimum value appears at frame 9. This decreasing maybe
caused by the attractive regions in a new snippet. The situation is the same in the two
groups before frame 70. Subsequently, it is stable in the group with V condition, and
increases slowly in the group with AV condition, which means with sound, the regions
where the participants looked seem more different over a long period. Note that in the
study [Coutrot 2012a] with very different experimental conditions (different video content,
duration and language), the dispersion with sound is smaller than without sound.
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Figure 3.5: Dispersion DpAV (respectively DpV ) of eye positions for the group of par-
ticipants with AV (respectively V) condition over time. For each frame, the dispersion
value was an average value of sixty clip snippets (described in Fig. 3.4).
3.3 Eye position analysis inter two groups
In previous section, the difference of dispersion intra each group performed similar in
group with AV and V conditions. In this section, in order to investigate the effect of
sound on visual gaze, we directly analyzed the difference of eye positions between the two
groups of participants with AV and V conditions. Fig. A.3 is an example of eye positions.
Figure 3.6: An example of experimental eye positions of two groups of participants.
The red points represent eye position of participants in group with AV condition, and the
green points represent eye positions of participants in group with V condition.
3.3.1 Metrics
In order to measure the difference of eye positions from the group with AV condition and
the group with V condition, two different metrics were considered: median distance md
and linear correlation coefficient cc.
Median distance md
We first calculated the Euclidean distance between eye positions of participants from
different groups with AV and V conditions. Then, in order to reduce the influence of the
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outliers, we chose “median” (not “mean”) to represent the result. This metric is named
median distance md and defined as:
md = median(di,j), i ∈ N , j ∈ N ′ (3.3)
where,N is the group with AV condition andN
′
is the group with V condition. di,j is the
Euclidean distance between eye positions of participants i and j, who belong respectively
to the group with AV condition and the group with V condition.
Fig. 3.7 (a) shows the median distance md values between groups with AV and V
conditions of one clip snippet over time. Higher md value represented greater difference
between eye positions of groups with AV and V conditions. The highest md value of this
clip snippet appeared at frame 628. Frame 628 with eye positions is shown in (b) of Fig.
3.7. The red points represent eye positions of participants with AV condition, and the
green points represent eye positions of participants with V condition. The soundtrack of
this snippet is speech, from the adult on the right.
Figure 3.7: (a) Median distance md values of one clip snippet over time. (b) Frame 628,
which has highest md value in this clip snippet, pointed with eye positions of participants.
The red points represented eye positions of participants from group with AV condition,
and the green points represented eye positions with V condition.
From observing, the red points mainly locate on the adult face (right one) in this video
scene, meanwhile, the green points were equally distributed on the two faces. It means,
in this example, the participants with AV condition looked at the talking face (sound
source), and the participants with V condition looked at the two faces without preference.
Linear correlation coefficient cc
Another metric we adopted is the linear correlation coefficient, noted as cc. The cc
describes straight-line relationships between two variables. In our case, the cc assesses
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the linearity degree between the two data sets (with AV and V conditions). When the cc
value is close to 1, there is an almost perfect linear relationship between the two variables:
it indicates low difference between the two data sets. The cc is defined as follows:
cc(Mhav,Mhv) =
cov(Mhav,Mhv)
σMhavσMhv
(3.4)
where, Mhav (respectively Mhv) represents the eye position density maps (mentioned in
section 3.1.5) with the AV (respectively V) condition, cov(Mhav,Mhv) is the covariance
value between Mhav and Mhv.
For cc, a value of zero indicates no linear relationship between the two maps: there is
no correspondence between the eye positions of the two groups with AV and V conditions,
and higher values of cc indicate higher correspondence between the eye positions of the
two groups.
Fig. 3.8 (a) represents cc values of one clip snippet over time as an example. We were
interested in the frames, where eye positions of the two groups were quite different. Hence,
in (b) of Fig. 3.8, we show a frame with zero cc value, pointed with eye positions. The
red points represent eye positions with AV condition, and the green points represent eye
positions with V condition. The soundtrack of this snippet was singers. The singers were
the three girls in the front of the image. From observing, the red points mainly located on
the singers in the image, meanwhile, most of the green points were focused on the center
of the image.
Figure 3.8: (a) Linear correlation coefficient cc values of one clip snippet over time.
(b) Frame 45 with the lowest cc value in this clip snippet. The red points represent eye
positions of participants from group with AV condition, and the green points represent
eye positions of participants with V condition.
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3.3.2 Statistical analysis
Statistics helps us to describe the measurements more precisely. We distinguish two
families of statistical tests: the so-called parametric tests (such as ANOVA test) whose
conclusions are based on probability that requires the observed distributions or satisfies
certain characteristics; non-parametric tests (such as Kruskal-Wallis test), which do not
require compliance with these same characteristics.
ANOVA
Analysis of variance (ANOVA) is a collection of statistical models, which compare the
means between two or more groups of samples through an estimation of the variance
[Gelman 2005]. If the statistically significant probability (p-value) is less than a threshold
of significance level (normally considered of 5%), the null hypothesis will be rejected.
The simplest form of ANOVA provides a statistical test towards a null hypothesis that
several groups are simply random samples from the same population and have equal mean.
Rejecting this null hypothesis implies that at least one group has different mean compared
to other groups.
In our database, we considered the sound effect as a fixed effect in the ANOVA model,
one-way ANOVA form was applied. In the one-way (or single-factor) ANOVA, statistical
significance is tested by comparing the F − test. The F − test is used in the comparisons
of the components of the total deviation, and the definition is presented below:
F =
variance between treatments
variance within treatments
(3.5)
where the degree of freedom is n− 1, where n is the number of groups in the comparison.
To apply this widely used statistical method ANOVA, there are several requirements
of the data:
− The samples in the data must be independent from each other.
− The data must be from normal distributions.
− All the individuals in the data must be selected from the population randomly.
− Sample sizes should be as equal as possible, but some differences are allowed.
Kruskal-Wallis test
ANOVA is a parametric method, which assumes that the data comes from a normal
distribution. In our case, we are not sure the data is a normal population. Thus, we test
the Kruskal-Wallis one-way analysis of variance by ranks. It is a nonparametric statistical
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method of the classical one-way ANOVA, and compares the medians between two or more
samples to determine if the samples come from different populations [Hollander 1999,
Corder 2009]. If a significant difference is found in Kruskal-Wallis test, it means that
there is a difference between the highest and lowest medians among the groups. Like
most non-parametric tests, Kruskal-Wallis performs on ranked data, so the measurement
observations are converted to their ranks in the overall data set: the smallest value gets
a rank of 1, the next smallest gets a rank of 2, and so on [Howell 1987].
The loss of information involved in substituting ranks from the original values can make
this a less powerful test than an ANOVA, so the ANOVA should be used if the data meet
the assumptions that the data are normally distributed. In Kruskal-Wallis test, statistical
significance is tested by comparing the Chi-Square test, and the definition is presented
below:
χ2 =
n∑
i=1
(Observed valuei − Expected valuei)2
Expected valuei
(3.6)
and the degree of freedom is n− 1, where n is the number of groups in the comparison.
The requirements of the data to apply Kruskal-Wallis test are shown below:
− The samples in the data must be independent from each other.
− The distributions of the data do not have to be normal and the variances do not
have to be equal.
3.3.3 Results
Through observing the video pointed with eye positions of the participants, we found that
different kinds of sound affect the eye positions differently. Hence, we manually classified
all the eye positions, according to the sound type, to three classes: on-screen speech (the
speakers appear on screen), non-speech (any kind of audio signal other than speech) and
non-sound (intensity below 40 dB) with the software named Praat. 1
Both ANOVA and Kruskal-Wallis test require the database should be independent
samples. Our eye position data consider continuous measurement over time, the eye
positions for most participants does not change much between two adjacent frames, they
could not be considered as independent samples. To solve this problem, we assume a set
of continuous frames to be one independent sample. For the size of the set, we choose the
average value of one fixation duration (about 8 frames).
1Praat is a free program, which provides spectral, pitch, formant and intensity analysis and annotation
of sound signal [PraatSite ].
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Statistical analysis of median distance md
We first calculated the median distance md of eye positions between two groups with AV
and V conditions according to equation 3.3 for each frame. Then, all the eye position
were classified into three classes: on-screen speech, non-speech and non-sound. Within
each class, we took the mean of md of 8 continuous frames as one independent sample.
Based on these independent samples, tests of ANOVA and Kruskal-Wallis are shown in
Fig. A.4. 2
In Fig. A.4 (a), with ANOVA test, the result of F (2, 742) = 9.24 and p < 10−4 indicates
that among the three groups: on-screen speech, non-speech and non-sound, at least the
mean value of one class is significantly different from the other two classes. Moreover, the
mean value of md tends decreasing from on-screen speech to non-speech, finally to non-
sound. The mean value of on-screen speech is significantly different from the other two
classes: between on-screen speech and non-speech (F (1, 673) = 12.27, p < 10−3), between
on-screen speech and non-sound (F (1, 420) = 10.44, p < 10−2). It gets the highest mean
value among these three classes with median distance md measurement, suggesting the
highest difference between the groups with AV and V conditions. Between non-speech
and non-sound (F (1, 391) = 1.99, p = 0.16), the difference is not significant with ANOVA
test.
In Fig. A.4 (b), with Kruskal-Wallis test, the result of χ2(2) = 19.63 and p < 10−5
indicates that among the three groups: on-screen speech, non-speech and non-sound, at
least the median value of one class is significantly different from the other two classes.
Moreover, the median value ofmd decreases from on-screen speech to non-speech, finally to
non-sound. The median value of on-screen speech is significantly different from the other
two classes: between on-screen speech and non-speech (χ2(1) = 10.61, p < 10−3), between
on-screen speech and non-sound (χ2(1) = 13.82, p < 10−3). It gets the highest median
value among these three classes with median distance md measurement, suggesting the
highest difference between the groups with AV and V conditions. Between non-speech and
non-sound (χ2(1) = 4.15, p = 0.04), the difference is still significant with Kruskal-Wallis
test.
In order to determine which statistical analysis (ANOVA or Kruskal-Wallis test) is
proper to deal with our data, a Lilliefors test is applied to verify whether the data is
from normal distribution or not. In statistics, the Lilliefors test is an adaptation of the
Kolmogorov-Smirnov test [Lilliefors 1969], which is used to justify whether the data is
from a standard normal distribution or not. The null hypothesis of Lilliefors test is that
data are from a normally distributed population. In this null hypothesis, it does not
2In the figure, ’*’ indicates the p value is < 0.05, ’**’ indicates the p value is < 0.01, ’***’ indicates
the p value is < 0.001.
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(a) ANOVA (b) Kruskal-Wallis test
Figure 3.9: Comparison of median distance md between the two groups of participants
(with AV and V conditions), among three classes of sound: on-screen speech, non-speech
and non-sound, by using (a) ANOVA and (b) Kruskal-Wallis test.
specify the expected value and variance of the distribution. The Lilliefors test statistic is
the same as for the Kolmogorov-Smirnov test, which is defined below:
KS = maxx |SCDF (x)− CDF (x)| (3.7)
where CDF is the normal cumulative distribution function (cdf) with mean and standard
deviation equal to the mean and standard deviation of the sample, and SCDF is the
empirical CDF estimated from the sample.
Fig. 3.10 shows the distribution of the data for each class. With the Lilliefors test,
if it rejects the null hypothesis at the 5% significance level with the logical value h = 1,
and h = 0 if it cannot. That means, if h = 1, the data does not come from a normal
distribution.
(a) on-screen speech (b) non-speech (c) non-sound
Figure 3.10: The distribution of md value for the three classes: on-screen speech, non-
speech and non-sound.
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The result of Lilliefors test is shown in Table 3.2. All the three classes rejected the null
hypothesis that the data came from a normal distribution. In this case, the accuracy of
the results from Kruskal-Wallis is better than that from ANOVA test.
From the two tests, we concluded that sound affects human gaze in videos, and this
influence is different depending on the sound type. The median value of on-screen speech
gets the highest median value among these three classes with median distance md mea-
surement, suggesting the highest difference between the groups with AV and V conditions.
Table 3.2: Results of Lilliefors test of md value of three classes: on-screen speech, non-
speech and non-sound.
on-screen speech non-speech non-sound
h 1 1 1
p-value < 10−6 < 10−5 < 10−3
Statistical analysis of linear correlation coefficient cc
We repeated the same procedure as shown above to the measurement of linear correlation
coefficient cc, according to equation 3.4 for each frame. Compared to md, lower cc values
represented higher md values. Within each class, we took the mean of cc of 8 continuous
frames as one independent sample. Based on these independent samples, ANOVA and
Kruskal-Wallis tests were calculated.
In Fig. 3.11 (a), with ANOVA test, the result of F (2, 742) = 7.7 and p < 10−3 indicates
that among the three groups: on-screen speech, non-speech and non-sound, at least the
mean value of one class is significantly different from the other two classes. Moreover,
the mean value of cc tends increasing from on-screen speech to non-speech, finally to
non-sound. The mean value of on-screen speech is significantly different from the other
two classes: between on-screen speech and non-speech (F (1, 673) = 12.09, p < 10−3),
between on-screen speech and non-sound (F (1, 420) = 7.49, p < 10−2). It gets the lowest
mean value among these three classes with linear correlation coefficient cc measurement,
suggesting the highest difference between the groups with AV and V conditions. Non-
speech tends to have lower value than non-sound, but the difference is not significant with
ANOVA test (F (1, 391) = 0.55, p = 0.46).
In Fig. 3.11 (b), with Kruskal-Wallis test, the result of χ2(2) = 14.21 and p < 10−3
indicates that among the three groups: on-screen speech, non-speech and non-sound, at
least the median value of one class is significantly different from the other two classes.
Moreover, the linear correlation coefficient cc tends increasing from on-screen speech to
non-speech, finally to non-sound. The median value of on-screen is significantly differ-
ent from the other two classes: between on-screen speech and non-speech (χ2(1) = 9.83,
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(a) ANOVA (b) Kruskal-Wallis test
Figure 3.11: Comparison of linear correlation coefficient cc between the two groups of
participants (with AV and V conditions), among three classes of sound: on-screen speech,
non-speech and non-sound, by using (a) ANOVA and (b) Kruskal-Wallis test.
p < 10−2), between on-screen speech and non-sound (χ2(1) = 8.28, p < 10−2). It gets
the lowest median value among these three classes with linear correlation coefficient cc
measurement, suggesting the highest difference between the groups with AV and V con-
ditions. Non-speech tends to have lower value than non-sound, but the difference is not
significant with Kruskal-Wallis test (χ2(1) = 1.15, p = 0.28).
Also, a Lilliefors test was applied to verify whether the data of cc values is from normal
distribution or not. Fig. 3.12 shows the distribution of the data for each class. With the
Lilliefors test, if it rejects the null hypothesis at the 5% significance level with the logical
value h = 1, and h = 0 if it cannot. That means, if h = 1, the data does not come from
a normal distribution.
(a) on-screen speech (b) non-speech (c) non-sound
Figure 3.12: The distribution of cc value for three classes: on-screen speech, non-speech
and non-sound.
The result of Lilliefors test of cc is shown in Table 3.3. On-screen speech class accepts
the null hypothesis that the data came from a normal distribution, and the other two
classes reject the null hypothesis.
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The results from ANOVA and Kruskal-Wallis are similar. We concluded that sound
affects human gaze in videos, and this influence is different depending on the sound type.
The mean value of on-screen speech gets the lowest mean value among these three classes
with linear correlation coefficient cc measurement, suggesting the highest difference be-
tween the groups with AV and V conditions. Non-speech class tends to have lower cc
value than non-sound class, suggesting higher difference between the groups with AV and
V conditions.
Table 3.3: Results of Lilliefors test of cc value of three classes: on-screen speech, non-
speech and non-sound.
on-screen speech non-speech non-sound
h 0 1 1
p-value 0.20 0.01 0.50
3.3.4 Conclusion
We analyzed the sound influence on human gaze through observing the difference of eye
positions between groups with AV and V conditions. This difference of eye positions
were measured by two metrics: median distance md and linear correlation coefficient
cc. Through the statistical analysis of ANOVA (parametric method) and Kruskal-Wallis
(nonparametric method), both md and cc confirmed the existence of sound influence on
gaze when looking at videos.
Moreover, different types of sound influenced eye movement differently. Three classes:
on-screen speech, non-speech and non-sound were classified manually and analyzed sep-
arately. Both md and cc showed the difference between the groups with AV and V
conditions was highest in on-screen speech class, and this difference is significant at a
level of 5%.
3.4 Effect of sound on a visual saliency model
To complete the analysis, we investigate whether there is an effect of sound on a visual
saliency model in this section. To evaluate whether the prediction accuracy of a visual
saliency model decrease, we compare the experimental eye positions from group with AV
condition (respectively with V condition) with a visual saliency model.
The visual saliency model we chose is a spatio-temporal saliency model developed in
our laboratory by S. Marat et al. [Marat 2009]. This model is introduced in section 2.4.2.
It is inspired by the biology of the first steps of the human visual system, extracting
two signals from a video stream corresponding to the two main outputs of the retina:
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parvocellular and magnocellular. Then, both signals are split into elementary feature
maps by cortical-like filters. These feature maps are used to form two saliency maps: a
static (output of the static pathway) and a dynamic one (output of the dynamic pathway).
The static pathway of the visual saliency model consists of two types of interactions
based on the range of the receptive fields. The static saliency map mainly represents
the edge of the objects, which have large contrast from the background. The dynamic
pathway is tightly linked to motion and particularly to the motion of a region against the
background. The dynamic saliency map is sensible to the motion amplitude against the
background, not the orientation of the motion.
3.4.1 Criterion
For the evaluation, we chose the Normalized Scanpath Saliency (NSS) criterion, which
was proposed by Peters and Itti [Peters 2005]. It is especially designed to compare eye
positions with the salient areas emphasized by a saliency model.
The NSS metric corresponds to a Z-score, which computed by comparing a computa-
tional saliency map from the model to eye positions of participants. The larger the value
of Z-score is, the less probable it is that the experimental results are due to chance. We
computed the NSS metric as follows:
NSS(k) =
Mh(x, y, k)×Mm(x, y, k)−Mm(x, y, k)
σMm(x,y,k)
(3.8)
where, (x, y) are the coordinates of the eye position, and k is the frame number. Mh(x, y, k)
is the human eye position density map standardized to mean 0 and variance 1, and
Mm(x, y, k) is the model saliency map.
Zero NSS(k) value indicates no correspondence between saliency map and eye posi-
tions. High NSS(k) value (maybe above one) suggests a greater correspondence. First,
we calculated the NSS, successively from static pathway and dynamic pathway, for the
two groups with AV and V conditions separately. Then we analyzed the difference of
NSS for each frame between two groups in three classes. Fig. 3.13 shows the Mh(x, y, k)
and Mm(x, y, k) for groups with AV and V conditions of one frame as an example.
3.4.2 Approach to calculate prediction accuracy
To analyze the prediction accuracy of the visual saliency model, we investigated static
and dynamic pathways separately. To calculate the prediction accuracy of static pathway
(respectively dynamic pathway), we compared it with the eye positions from two groups
with AV and V conditions separately. The procedure of calculation was described below:
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(a) original image
(b) human eye position density map from
group with AV condition
(c) human eye position density map from
group with V condition
(d) static saliency map (e) dynamic saliency map
Figure 3.13: (a) An example of frame, (b) and (c) the experimental eye positions from
groups of participants with AV and V conditions, (d) and (e) the saliency maps from
static and dynamic pathways of the visual saliency model.
− First, for each frame, we calculate the NSS value between saliency map and eye
positions from group with AV condition (respectively with V condition).
− Then, the average value of sixty clip snippets (described in Fig. 3.4) of NSS(k) val-
ues are calculated over time. The NSS values are synchronized with the beginning
of each clip snippet over time.
3.4.3 Comparison with static pathway
In Fig. 3.14 (a), NSS value of both with AV and V condition increased around frame
13, and decreased around frame 35. Before the decreasing, NSSV seemed higher than
NSSAV . After frame 40, NSSV and NSSAV were similar. For both NSSV and NSSAV ,
the NSS values were small. Perhaps because of the image quality in the video data was
not high, the edge of the objects in the scene was blurred. In Fig. 3.14 (b), if the NSSD
difference (NSSV −NSSAV ) is above 0, it means the prediction accuracy for group with
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AV condition is lower than the group with V condition.
(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 3.14: Results of prediction accuracy for static pathway, evaluated by NSS:
NSSV , NSSAV , and NSSD difference (NSSV −NSSAV ) over time.
In section 3.3, we concluded that, sound effect human gaze on videos differently de-
pending on the sound type. Hence, we calculated the NSSD difference (NSSV −NSSAV )
between groups with AV and V conditions in three sound classes: on-screen speech, non-
speech and non-sound. To solve the problems of independent samples, also the mean of
8 continuous frames of NSSD difference was calculated as one independent sample in the
following calculation.
To determine whether the NSSD difference is equal to 0 or not, first, the Wilcoxon
signed-rank test was applied. It is the non-parametric formula alternative to the t-test
for independent samples. Wilcoxon signed-rank test performs a two-sided signed rank
test of the null hypothesis that data in the vector x comes from a continuous, symmetric
distribution with zero median, against the alternative that the distribution does not have
zero median [Wilcoxon 1945,Gibbons 2003]. The median of the on-screen speech class is
significantly above 0, with the Wilcoxon signed-rank test p < 10−8. The medians of the
non-speech class (p = 0.15) and non-sound (p = 0.15) are not significantly different from
0.
From the results above, we conclude that the accuracy of prediction from static pathway
decreases in a group with AV condition compared to a group with V condition, for the
on-screen speech class. (There is no significant difference for the non-speech class and for
the non-sound class).
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3.4.4 Comparison with dynamic pathway
In Fig. 3.15 (a), temporal behavior of NSSV and NSSAV were similar. They decreased
slightly in the beginning, and then increased sharply till frame 13. This delay of increasing
was caused by the reaction time of the participants. After, they decreased slowly, except
a small peak around frame 50. In Fig. 3.15 (b), visually, the NSS difference is above
0 from frame 6 to 56 after the beginning of the clip snippets. The prediction accuracy
seemed decreased in group with AV condition.
(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 3.15: Results of prediction accuracy for dynamic pathway, evaluated by NSS:
NSSV , NSSAV , and NSSD difference (NSSV −NSSAV ) over time.
Then, we calculated the NSSD difference (NSSV −NSSAV ) between groups with AV
and V conditions in three classes: on-screen speech, non-speech and non-sound. Also
the mean of 8 continuous frames of NSSD difference was taken into account as one
independent sample.
The median of the on-screen speech class is significantly above 0, with the Wilcoxon
signed-rank test p < 10−6. The medians of the non-speech class (p = 0.12) and non-sound
(p = 0.18) are not significantly different from 0. The results are very similar to those
obtained from the static pathway and the conclusion is identical. Then, in the case of
video with soundtrack, it would be interesting to complete the visual saliency model by a
’sound pathway’.
3.4.5 Conclusion
The prediction accuracy decreased of the saliency model proposed by Marat et al., when
tested on the videos with original soundtrack. The decreasing of prediction accuracy
appeared both in static and dynamic pathway. Moreover, the decreasing of prediction
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accuracy was different on different types of sound. For on-screen speech class, the de-
creasing of prediction accuracy was significant at a level of 1%. However, for other two
classes: non-speech and non-sound, the prediction accuracy was not significantly different
between with AV and V conditions.
3.5 Interest of a ’sound localization pathway’
In previous section, we concluded that the prediction accuracy of a visual saliency model
decreased, when it applied on the video data with original soundtrack. We try to find a
method to complete this visual saliency model to increase the prediction accuracy, when
it used on video with soundtrack.
From our observation, the sound source in the video seems to attract human attention.
To simplify the problem, we only consider the clip snippets with only one sound source in
each frame. Hence, we located the coordinates of the sound source manually and called it
“sound localization pathway”. Then, we apply a two-dimension Gaussian to the position
of the sound source to obtain a sound saliency map Mms. At last, we compare with NSS
the experimental data of the eye positions (groups with AV and V conditions) and the
sound saliency maps (Mms).
3.5.1 Selection the size of two-dimension Gaussian
Sound saliency map Mms was created by adding a two-dimension Gaussian on the sound
source. First, we chose the size of standard deviation of the Gaussian with a diameter
at mid-height equal to 0.5◦ of visual angle, which is close to the size of the maximum
resolution of the fovea. This Gaussian size was the same as for human density map (in
section 3.1.5).
In Fig. 3.16, we first compared the experimental eye positions from group with AV
condition (respectively with V condition), which was shown in (b) (respectively in (c)),
with the sound saliency map Mms with the Gaussian size of a diameter at mid-height
equal to 0.5◦ of visual angle (shown in (d)), to evaluate the prediction accuracy of this
sound saliency map. The evaluation metrics was still NSS.
In Fig. 3.17 (a), curve of NSSV and NSSAV were similar, without obvious decreasing
or increasing over time, and the value was much smaller than the NSS value from dynamic
pathway (in Table 3.4). It maybe caused by the improper selection of Gaussian size, which
did not represent the sound source region correctly. Hence, we increased the size of the
two-dimension Gaussian, which was added on the sound source to create sound saliency
map Mms, to the diameter at mid-height equal to 1/3 of the image height. The center of
this two-dimension Gaussian was the position of the sound source. An example of sound
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(a) original image
(b) human eye position density map from
group with AV condition
(c) human eye position density map from
group with V condition
(d) sound saliency map Mms with the Gaus-
sian size of a diameter at mid-height equal to
0.5◦ of visual angle
(e) sound saliency map Mms with the Gaus-
sian size of a diameter at mid-height equal to
1/3 of the image height
Figure 3.16: (a) An example of original frame from the video data, (b) and (c) the
experimental eye positions from groups of participants with AV and V conditions, (d) and
(e) the sound saliency maps Mms with different size of Gaussian.
saliency map Mms with the Gaussian size of a diameter at mid-height equal to 1/3 of the
image height was shown in Fig. 3.16 (e).
In Fig. 3.18 (a), NSS value of group of participants with AV condition (NSSAV )
first decreased from the beginning to frame 6. This decreasing maybe caused by “center
bias”, that participants tended to watch the center of image to gather more information.
After, this curve increased sharply till frame 18. It means participants moved their eyes
to the salient regions predicted by sound saliency map. Then the curve decreased slowly.
However, it tended to increase again after frame 80. It may be caused by “top-down”
process. NSS value of group of participants with V condition (NSSV ) performed similar
to NSSAV , except two differences: in (b), the NSSD showed that NSSV was smaller than
NSSAV after frame 6; for NSSV , it seemed to reach the peak at frame 12, which was a
little earlier than NSSAV (frame 18).
Audio-visual experiment I 53
(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 3.17: Results of prediction accuracy of sound saliency maps Mms with the Gaus-
sian size of a diameter at mid-height equal to 0.5◦ of visual angle, evaluated by NSS:
NSSV , NSSAV , and NSSD difference (NSSV −NSSAV ) over time.
(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 3.18: Results of prediction accuracy of sound saliency maps Mms with the Gaus-
sian size of a diameter at mid-height equal to 1/3 of the image height, evaluated by NSS:
NSSV , NSSAV , and NSSD difference (NSSV −NSSAV ) over time.
In Table 3.4, the NSSAV for Mms with Gaussian size of a diameter at mid-height equal
to 1/3 of the image height increased, compared the NSSAV for Mms with Gaussian size
of a diameter at mid-height equal to 0.5◦ of visual angle, from 0.4 to 2.34. For NSSV ,
this increasing also existed. Because Mms with Gaussian size of a diameter at mid-height
equal to 1/3 of the image height was closer to the real size of object, which was considered
as sound source, this size of Gaussian was proper. Most of the time, the sound source is
also the moving or face region on the screen, the group without sound also obtains a high
value in this model. Nevertheless, this result shows that locating the sound source is a
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possible way of increasing the prediction accuracy.
Table 3.4: The mean value of NSS from frame 1 to 150 presented Fig. 3.17 (a) and Fig.
3.18 (a).
mean of NSSAV mean ofNSSV
Mms with Gaussian size of
a diameter at mid-height equal 0.40 0.44
to 0.5◦ of visual angle
Mms with Gaussian size of
a diameter at mid-height equal 2.34 2.11
to 1/3 of the image height
In order to test the difference of prediction accuracy of ’sound localization pathway’,
we calculated the NSSD difference (NSSAV − NSSV ) between groups with AV and V
conditions in on-screen speech class and non-speech class. Because non-sound class had
no sound source in the screen, we did not consider this class.
In Fig. 3.19, the median of the on-screen speech class is significantly above 0, with
the Wilcoxon signed-rank test p < 10−6. The median of the non-speech class (p=0.18) is
not significantly different from 0. From this, we conclude that the accuracy of prediction
from ’sound localization pathway’ increases in the group with AV condition compared to
the group with V condition, for the on-screen speech class.
Figure 3.19: Kruskal-Wallis test of NSSD difference (NSSAV −NSSV ) between groups
with AV and V conditions for ’sound localization pathway’ in two classes (on-screen speech
and non-speech).
3.5.2 Conclusion
The prediction accuracy of saliency model can be increased by adding a sound pathway,
by locating the sound source. The sound saliency map, created by adding a proper size
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of two-dimension Gaussian on the sound source, increased the prediction accuracy in AV
condition than in V condition. This increasing was significant, when sound is on-screen
speech. However, for non-speech class, the prediction accuracy of this sound saliency map
was not significantly different between AV and V conditions.
3.6 General conclusion
This chapter presented an audio-visual experiment to investigate the sound effect on
human gaze when looking freely at videos. Through the analysis of difference of the eye
positions between group with AV condition and with V condition, we concluded that sound
affected human gaze differently depending on the sound type, and the effect was greater
for the on-screen speech class. When tested with the visual saliency model proposed by
Marat et al., the accuracy of prediction decreased in group with AV condition compared
to group with V condition in on-screen speech class. However for the other two classes:
non-speech and non-sound, the accuracy of prediction did not decrease between group
with AV and V conditions. Locating the sound source as a ’sound localization pathway’,
the prediction accuracy was higher in group with AV condition than in group with V
condition.
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Chapter 4
Audio-visual experiment II
In the previous chapter, through the analysis of the first audio-visual experiment, we
observed that sound influences human gaze in videos differently depending on the sound
type, and the effect is greater for the on-screen speech class. We only considered three
sound classes and no strict control of sound event over time.
To investigate the sound influence on gaze in videos deeply, a second audio-visual
experiment is presented in this chapter to answer the question of which type of sound
influences human gaze. We compare the behavior of human gaze in relation to thirteen
more refined sound classes. The videos excerpts are chosen so that the onset of each
relevant sound occurs in the middle of a visual scene. In this way, we avoid the content of
visual scene and soundtrack changing at the same time. The aim is to isolate the effect
of sound by comparing the eye positions in AV and V conditions.
Hence, we designed a new audio-visual experiment of two groups of participants with
audio-visual (AV) and visual (V) conditions. Then, we compared the difference of eye
positions from the group with AV condition and the group with V condition of the thirteen
sound classes separately. To find out where humans look after the onset of auditory stimuli,
we analyzed the distance between sound source and eye positions. Then fixation duration
between groups with AV and V conditions are analyzed. Finally, the experimental eye
positions are compared with the prediction regions of two visual saliency models (Marat’s
et al. and Itti’s et al.). A part of the results has been published in [Song 2012].
4.1 Audio-visual experiment design
This audio-visual experiment is designed to investigate which type of sound influences
gaze in videos through observing the eye positions from the participants. The principle
of the experiment design is that each participant watch half of the video excerpts with
original soundtrack (AV condition) and the other half video excerpts without soundtrack
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(V condition). Then, we investigate the sound effect through analyzing the eye positions
differences between these two groups of participants.
The same apparatus –Eyelink II was used to track and record the eye positions of the
participants as in previous experiment. The principal technical specifications of Eyelink II
in this experiment are shown in Table 3.1. During the experiment, the sampling frequency
of the system recording the eye positions is 250 Hz.
4.1.1 Participants
Thirty-six human participants (18 women and 18 men, aged from 20 to 34) viewed half
clips with V condition, and the other half clips with AV condition. 18 participants first
viewed 5 clips with AV condition, and then viewed another 5 clips with V condition. The
other 18 participants, first viewed 5 clips with V condition, and then viewed another 5
clips with AV condition. Each clip appeared with AV and V condition in the same number
of occurrences. All participants had normal or corrected-to-normal vision, and reported
normal hearing. They were ignorant to the purpose of the experiment.
In the first audio-visual experiment, a participant viewed all the clips with only one
condition – AV or V. However in this new experiment, a participant viewed the clips
with two conditions – AV and V. With this design, the effect of the difference of fixation
duration caused by individual participant has been reduced. Moreover, for each individual
participant, we obtain related eye positions – with AV and V conditions. This type of
data can be measured by paired t-test and mixed-effect model (section 4.5).
4.1.2 Materials
In this experiment, eighty video excerpts are chosen from heterogeneous sources of films
(with original soundtrack and visual scene). Each clip snippet lasts around 200 frames
(8 seconds). The sum of all the clip snippets is 16402 frames (around 11 minutes). All
the clip snippets are converted to the same video format (25 fps, 842×474 pixels/frame).
In the visual domain, each clip snippet consists of just one shot. In the audio domain,
the sound signal is divided into two parts. The first sound lasts to about the middle of
the clip snippet, and is then followed by the second sound. To reduce the difference of
sound amplitude between clip snippets, while keeping the difference of sound amplitude
into each clip snippet, we increase of 25% the sound amplitude of the clip snippets, which
are lower than the mean of all the clip snippets. Respectively, we decrease of 25% the
sound amplitude of the clip snippets, which are higher than the mean.
In order to prevent the participants from understanding the language in the video, we
chose foreign languages for each participant, like Chinese, Indian, Japanese, etc.. A clip
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snippet example is presented in Fig. A.6. The eighty clip snippets are then recombined
into ten clips [Carmi 2006], each clip being the concatenation of eight clip snippets from
different film sources and different sound classes of the second sound. We use gray level
stimuli. Two sets of stimuli are built from these clips, one with AV condition (frames +
soundtrack), and the other one with V condition (frames only).
.........
First sound Second sound
Frame -90 Frame -6 Frame 1 Frame 102
Frame 
Figure 4.1: An example of some frames of a clip snippet with the associated soundtrack.
The soundtrack is a succession of two types of sound. In this example, the first sound
is the man in the center playing piano, and the second sound is the man in the center
singing.
Here, we only observe the behavior of human gaze after the second sound. The aim is
to analyze the effect of an audio change unrelated to the visual changes that occur when a
new clip snippet starts. Compared to the first experiment, in this second experiment, the
first sound lasted at least two seconds before the second sound occurs, which was enough
to avoid center bias.
Presentation of center bias
Some studies using static images showed that the center of the image was an attractor for
the participants on the first fixations [Parkhurst 2002,Tseng 2009]. This so called “center
bias” also influences eye movement when viewing dynamic scenes [Dorr 2010]. This bias
is generally explained by several factors:
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− The video excerpts used in the experiment were selected from films, which was made
by professionals, who tend to put interesting objects in the center of the images.
− The video excerpts were presented in central vision of the participants, whose eye
movements were recorded by an eye-tracker.
− Before the presentation of each clip, the participants were asked to watch the fixation
cross in the center of the screen.
4.1.3 Procedure
Human eye positions were tracked by an eye tracker-Eyelink II (SR Research). During
the experiment, the participants were sitting in front of a 19-inch color monitor (60 Hz
refresh rate) with their chin supported. The viewing distance between the participant and
the monitor was 57 cm. The usable field of vision was 35◦×20◦. A headphone carried the
monophonic sound. Compared to two loudspeakers used in experiment I, the headphone
can reduce the influence of possible noise from the environment, which may distract the
participants during the experiment. A 9-point calibration was carried out every five clips.
10 clips were presented to each participant in random order. Before each clip, we presented
a drift correction, then a fixation in the center of the screen. Participants were asked to
look at the 10 clips without any particular task.
4.2 Pre-experiment: validation of sound classifica-
tion
Based on another research [Niessen 2008], we classified the second sound into thirteen
classes (see Fig. A.5). For each class, there were 5 to 11 clip snippets. Fig. 4.3 shows
the examples of clip snippet in each sound class. Numbers of clip snippets and frames in
each class are given in Table 4.1.
The difference between clusters of classes “on-screen with one sound source” and “on-
screen with more than one sound source” was the number of sound sources on the screen.
Here, we called one sound source a visual event in the scene associated with the sound-
track. In this instance the sound can be associated with a spatial location. The“off-screen
sound source” group was different from the other two in that there was no sound source
on the screen when the second sound appeared. This classification was carried out man-
ually by the author. In order to validate whether this classification was proper or not, we
proposed a pre-experiment.
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Table 4.1: Number of clip snippets and frames in each class
sound class number of snippets number of frames
speech 11 2729
singer 5 790
human noise 6 1087
animal 5 1054
music 7 1140
action 6 1309
impact and explosion 8 1832
vehicles and mechanics 6 1119
singers 5 928
animals 5 898
actions 6 1110
voice-over 5 1352
background music 5 1054
total 80 16402
4.2.1 Pre-experiment design
Apparatus
The sound database was carried out by a headphone (the same condition as in experiment
II), and the presentation of the sound classifications and the recording of the answer from
the participants were done by a psychology software tool named E-prime. 1
Participants
Five participants heard the eighty sound excerpts with a random order in this pre-
experiment. All participants had reported normal hearing.
Materials
One sound excerpt in this pre-experiment is extracted from one clip snippet. Because we
want to classify the second sound in each clip snippet, we cut the audio stream of the
clip snippet from the second sound as one sound excerpt. To reduce the impact of the
transform from mute to second sound, we keep 200 ms of first sound before the second
sound. The crescendo of this 200 ms duration is continuous till the appearance of the
second sound. Hence, the total duration for each sound is more than 800 ms.
When only the sounds are presented (without images), it is impossible to know if they
are off-screen sound source. We decided to propose eleven sound classes to the participants
1E-Prime is a suite of applications to fulfill computerized experiment needs, which provides an easy-
to-use environment for computerized experiment design, data collection, and analysis [EprimeSite ].
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Speech:human talking
(ex. two men talking in turn)
Background music: music without sound 
device on the screen (ex. background music in 
the film)
Singer: human singing
(ex. a woman singing on the stage)
Human noise: unarticulated noise from human
(ex. human squealing, human snoring)
Non-human Animal: living animal crying
(ex. goose cackling)
Music: human playing musical instrument
(ex. human playing piano)
Action: noise from action or movement 
(ex. door shut)
Impact and explosion: short noise
(ex. a bomb explosion)
Vehicles and mechanics: regular mechanical 
noise (ex. noise of motor)
Singers: a group of humans singing
(ex. a group of women singing on the stage)
Non-human Animals: living animals crying
(ex. dogs yapping)
Actions: natural phenomena making noise
(ex. rainy, windy)
Voice-over: human speaking off-screen
(ex. voice-over in the film)
Human
Living
Human
Living
Non-living
Non-living
On-screen 
with one 
sound source
On-screen with 
more than one 
sound source
Off-screen 
sound source
Figure 4.2: Classification of the second sound
to select from. Compared to the classes shown in Fig. A.5, classes of “speech” and “voice-
over” composed class “speech”, and classes of “music” and ”back-ground music” composed
class “music”.
Procedure
Before the participants started the experiment, they were informed of the description of
the eleven sound classes proposed in the list. The participants first heard a sound excerpt
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(a) speech (b) singer (c) human noise
(d) animal (e) music (f) action
(g) impact and explosion (h) vehicles and mechanics
(i) singers (j) animals (k) actions
(l) voice-over (m) background music
Figure 4.3: Example of frames of the thirteen sound classes.
from a headphone, then chose one of the classes proposed on the screen. This procedure
repeated until all the sounds have been presented with a random order.
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4.2.2 Result
In order to measure whether the classification proposed by the author was proper or not,
we calculated the correct classification rate of each sound class, which was described as:
Correct classification rate =
nc
np × ns (4.1)
where, nc is the number of “correct classification” in this sound class. If the participants
classify the sound excerpt to the same sound classification as the author proposed, it
is considered as one “correct classification”. np is the number of participants, here the
number is 5, and ns is the number of sound excerpts in the sound class (from 5 to 16).
In Fig. 4.4, the minimal correct classification rate is 80% (“impact and explosion”,
“vehicles and mechanical” and “animals” classes), and the mean correct classification rate
is 90%. Hence, we can conclude that the classification is suitable for the audio-visual
experiment.
Figure 4.4: Correct classification rate for each sound class.
4.3 Analysis of eye position difference between groups
with AV and V conditions
In order to investigate the effect of sound on visual gaze, we compared the eye positions of
participants with AV condition to the participants with V condition. In the following, we
will present the details of this comparison. Fig. 4.5 illustrates by an example the different
eye positions of the two groups of participants for the clip snippet shown in Fig. A.6.
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(a) Frame 86 (b) Frame 94
Figure 4.5: Eye positions are illustrated for participants, with AV condition (red points)
and V condition (green points) from singer class, presented previously in Fig. A.6. Frame
86 is just before the appearance of second sound.
4.3.1 Criteria
In group of participants with AV condition (respectively with V condition), if one eye
position is far from the others, we consider it as an outlier in this group. To measure
whether one eye position is an outlier, we introduce squared Mahalanobis distance to
remove the outliers of the eye positions in each group.
Presentation of Mahalanobis distance
First, we applied squared Mahalanobis distance to the eye positions in each group (with
AV condition, respectively V condition) to remove the outliers of each frame. The Maha-
lanobis distance is a measure of how much the value of a case differs from the average of all
other cases. Large Mahalanobis distances signify potential outlier cases [Ntoumanis 2005].
This distance is described as:
DM(i) = (xi − µ)TΣ−1(xi − µ) (4.2)
where for the participant i, µ is the mean of the data (except participant i), and Σ is the
covariance of the data (except participant i).
An image point has two degrees of freedom, so a threshold of 9.21 on the Mahalanobis
distance sets the confidence level to 99%. It means that if the Mahalanobis distance
between one eye position and the others is more than 9.21, this eye position has 99%
probability of being an outlier. We removed the potential outlier eye positions before the
following calculations.
In the following, three metrics are presented: distance d, Kullback-Leibler divergence
KLD and linear correlation coefficient cc.
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Criterion of distance d
Then, in order to measure the distance of eye positions between the two groups (with AV
and V conditions) for each frame, we adopted the criterion named mean distance d, which
is defined as:
d =
n∑
i=1
n
′∑
j=1
di,j
n× n′ , i ∈ N , j ∈ N
′
(4.3)
In the above equation, N is the group with AV condition, and the number of partici-
pants in this group is n. N
′
is the group with V condition, and the number of participants
in this group is n
′
. di,j is the Euclidean distance between eye positions of participants
i and j, who belong respectively to the group with AV condition and the group with V
condition.
Criterion of Kullback-Leibler Divergence KLD
To confirm the measurement, another criterion, which is used to estimate the difference
between two probability distributions, named Kullback-Leibler divergence is calculated.
The Kullback-Leibler divergence criterion was already adopted to compare distributions
of eye positions between groups by other researchers, such as [Tatler 2005]. With the
Kullback-Leibler divergence calculation, we compared the experimental eye position den-
sity maps (calculated by 3.1) between group of participants with AV and V conditions.
For a given frame, a 2-D Gaussian (equal to 2◦ wide) was added to each eye position in
the density map of group of participants with AV condition (Mhav), respectively with V
condition (Mhv). Here, we use symmetric Kullback-Leibler Divergence (KLD). For each
frame, we calculated the following equation:
KLD(Mhav,Mhv) =
1
2
(
p∑
i=1
Mhavlog
Mhav
Mhv
+
p∑
i=1
Mhvlog
Mhv
Mhav
)
(4.4)
where p represents the same size of video frame (842×474). High KLD values represent
high differences between two distributions of eye positions.
Criterion of linear correlation coefficient cc
The third metric we adopted is the linear correlation coefficient, noted as cc. cc describes
straight-line relationships between two variables. cc was introduced in detail in section
3.3). For cc, a value of zero indicates no linear relationship between the two maps: there is
no correspondence between the eye positions of the two groups with AV and V conditions,
and higher values of cc indicate higher correspondence between the eye positions of the
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two groups.
4.3.2 Comparison among different clusters of sound classes
We analyzed the mean distance d (then KLD and cc) between the eye positions of the
participants in the two groups with AV and V conditions, among three clusters of classes
(see Fig. A.5): “on-screen with one sound source”, “on-screen with more than one sound
source” and “off-screen sound source”.
In this section, for each clip snippet, we took 25 frames (from frame 6 to 30, to eliminate
reaction time of about 5 frames) after the beginning of the second sound. We used the
ANOVA test to compare distance d among different clusters of classes. This test requires
the samples in each cluster to be independent samples. Because we consider continuous
measurement over time, the eye positions for most participants does not change much
between two adjacent frames, they could not be considered as independent samples. To
solve this problem, we assume a set of continuous frames to be one independent sample.
For the size of the set, we choose the average value of one fixation duration (about 7
frames, see in Section. 4.5). We compute a distance d for each frame, and subsample by
computing the mean of 8 adjacent frames (for margin) as an independent sample.
In Fig. A.7 (a), with ANOVA test, “off-screen sound source” presents the lowest d
among the three clusters of classes. The difference is significant, between “on-screen with
one sound source” and “off-screen sound source” (F (1, 175) = 7.94, p < 10−2), and also
significant between “on-screen with more than one sound source” and “off-screen sound
source” (F (1, 73) = 8.69, p < 10−3). The difference between “on-screen with one sound
source” and “on-screen with more than one sound source” is not significantly different
(F (1, 184) = 0.12, p = 0.73).
This result is confirmed by other two criteria: KLD (Fig. A.7(b))and cc (Fig. A.7(c)).
For KLD the difference is significant, between “on-screen with one sound source” and
“off-screen sound source” (F (1, 175) = 13.97, p < 10−3), and also significant between “on-
screen with more than one sound source” and “off-screen sound source” (F (1, 73) = 35.56,
p < 10−7). The difference between “on-screen with one sound source” and “on-screen with
more than one sound source” is not significantly different (F (1, 184) = 1.77, p = 0.19).
For cc, the difference is significant between “on-screen with one sound source” and
“off-screen sound source” (F (1, 175) = 22.53, p < 10−5), and also significant between “on-
screen with more than one sound source” and “off-screen sound source” (F (1, 73) = 31.24,
p < 10−6). The difference between “on-screen with one sound source” and “on-screen with
more than one sound source” is not significantly different (F (1, 184) = 0.86, p = 0.36).
These results indicated that a localizable sound source leading to a greater distance
between the groups with AV and V conditions, suggesting that the presence of a localizable
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sound source influences human gaze owing to the auditory and visual interaction.
(a)
(b) (c)
Figure 4.6: Criteria of mean distance d, Kullback-Leibler Divergence KLD and linear
correlation coefficient cc between participants with AV and V conditions in three clusters of
classes: “on-screen with one sound source”, “on-screen with more than one sound source”
and “off-screen sound source”. Larger d, KLD and smaller cc values represent greater
difference between groups with AV and V conditions.
4.3.3 Analysis of thirteen sound classes separately
Secondly, we analyzed the thirteen sound classes separately. We did not analyze sound
effect directly through audio information, but through the eye positions of participants
which are also based on visual information. In order to reduce the influence of visual
information, we created a baseline for the statistical comparison by performing a random-
ization.
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Presentation of randomization tests
Randomization tests are a subclass of statistical tests called permutation tests. In permu-
tation tests, the p-value is the proportion of data permutations or configurations providing
a statistical test as large as (or as small as) the value for the research results. Randomiza-
tion tests are permutation tests for randomized experiments. They test null hypotheses
about the treatment effects on a random assignment of research units [Edgington 2007].
Randomization tests are superior to parametric tests (such as ANOVA) in several
aspects:
− There is no requirement that the random samples are from one or more populations,
and there is no need to assume the normality of the distribution of the sample data.
− Because randomization tests are not concerned on populations, it is not necessary
to concentrate on estimating (or even testing) characteristics of those populations.
− The null hypothesis of randomization test has nothing to do with parameters. Un-
der this kind of null hypothesis, the score that is associated with a participant is
independent of the treatment that person received.
− Even more, compare to parametric tests, randomization tests emphasize the impor-
tance of random assignment of participants to treatments.
Approach of a randomization test
The approach to realize a randomization test on the eye position data is presented below:
• First, we extracted 18 participants (total number of participants is 36) randomly
from groups with AV and V conditions to create a new group called G1. The rest
of the participants formed another new group, called G2.
• Afterwards, we calculated the d between G1 and G2 for each frame.
• We repeated this procedure 5000 times, we obtained:
− For each frame, a distribution of 5000 random d values (di, i = 1, 2, ...5000).
− The mean of the 5000 d values as the reference (dR): this is an estimate of the
distance that can be expected between the two random groups of participants.
• Finally, we calculated the difference (dAV V −dR) where dAV V represents the distance
between participants with AV and V conditions.
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Results of the randomization test for distance d
Fig. 4.7 explains how to calculate the average value of eighty clip snippets, synchronized
with the beginning of the second sound. For example, the value of dAV V in Fig. A.8 of
frame 1, was the mean of dAV V value of all the first frames of the second sound in snippets.
Figure 4.7: Explanation of how to calculate the average value of eighty clip snippets,
synchronized with the starting frame of the second sound in each snippet.
Because dAV V is caused by the effect of both image and sound, and dR is caused by
the effect of image only, the difference (dAV V − dR) is mainly caused by the effect of
sound. Fig. A.8 shows the difference over time between dAV V and dR for the thirteen
sound classes. If (dAV V − dR) is over 0, the distance between AV and V groups is greater
than that between the two random groups. Visually, different sound classes performed
differently.
To find out which classes give the highest difference between dAV V and dR:
− First, we analyze a duration of one second (25 frames). To deduct the reaction time
of the participants, we took a duration from frame 6 to 30 after the beginning of
the second sound.
− Then, we compared dAV V (the temporal mean of dAV V over the 25 frames) to the
distribution of di, where di is the temporal mean of di between G1 and G2 over the
25 frames for the random trial i.
− To estimate the probability of di being greater than dAV V , we calculated p = n/5000
where n is the number of di which are greater than dAV V .
Table 4.2 shows the results from frame 6 to 30 after the beginning of the second sound.
The high dAV V values (therefore low p values) for the marked classes (with ): speech,
singer, human noise, and singers, show that human voice had the greatest effect on visual
gaze.
To verify that the effect measured above is really due to the second sound, we perform
the same calculation for a period of one second (25 frames) before the beginning of the
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(a) speech (b) singer
(c) human noise (d) animal
(e) music (f) action
(g) impact and explosion (h) vehicles and mechanical
(i) singers (j) animals
(k) actions (l) voice-over
(m) background music
Figure 4.8: Difference (dAV V − dR) over time for the thirteen sound classes. Frame 1 is
the beginning of the second sound.
second sound. Results of probability estimations of di values higher than dAV V of all the
sound classes from frame -24 to 0 are higher than 0.1, suggesting that before the second
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Table 4.2: Probability estimations of di values higher than dAV V from frame 6 to 30
after the beginning of the second sound
sound class p sound class p
speech  0.003 singers  0.006
singer  0.002 animals 0.789
human noise  0.023 actions 0.476
animal 0.763 voice-over 0.996
music 0.061 background music 0.606
action 0.857
impact and explosion 0.892
vehicles and mechanics 0.161
sound, eye position of participants between groups with AV and V conditions are not
significantly different for all the sound classes.
Results of the randomization test for Kullback-Leibler Divergence KLD and
linear correlation coefficient cc
To confirm the result from distance d, Kulback-Leibler Divergence KLD and linear cor-
relation coefficient cc were calculated with the same randomization method as introduced
above. Table 4.3 and Table 4.4 show the results from frame 6 to 30 after the beginning
of the second sound. The high KLDAV V values or the lower ccAV V values (therefore
low p values) for the marked classes (with ): speech, singer, human noise, and singers,
confirmed that human voice had the greatest effect on visual gaze.
Table 4.3: Probability estimations of KLDi values higher than KLDAV V from frame 6
to 30 after the beginning of the second sound
sound class p sound class p
speech  0 singers  0.002
singer  0.001 animals 0.138
human noise  0.001 actions 0.261
animal 0.113 voice-over 0.779
music 0.394 background music 0.895
action 0.215
impact and explosion 0.792
vehicles and mechanics 0.137
4.3.4 Conclusion
Through the statistical analysis of ANOVA and randomization test, both results suggested
that the difference of eye positions from group with AV and V conditions were different
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Table 4.4: Probability estimations of cci values lower than ccAV V from frame 6 to 30
after the beginning of the second sound
sound class p sound class p
speech  0 singers  0.01
singer  0.022 animals 0.430
human noise  0.006 actions 0.366
animal 0.067 voice-over 0.592
music 0.126 background music 0.558
action 0.088
impact and explosion 0.232
vehicles and mechanics 0.194
among thirteen classes. The differences were significant only for human voice cluster:
speech, singer, human noise and singers classes.
4.4 Analysis of distance between sound source and
eye positions
In the previous section, we showed that the distance d between eye positions of participants
with AV and V conditions is greater for speech, singer, human noise and singers classes
than others. In this section, we will verify the assumption that participants with AV
condition moved their eye to the sound source after the beginning of the second sound.
4.4.1 Analysis of eight sound classes separately
For the reason that it is hard to locate sound source in “on-screen with more than one
sound source” and “off-screen sound source” clusters, we only analyze the eight sound
classes in “on-screen with one sound source” cluster. To this end, the procedure was
described below:
• First, we located the approximate coordinates of the center of the sound source
manually.
• Then, for each frame, we calculated the Euclidean distance between the eye position
of each participant with AV condition and the sound source. The mean of the
Euclidean distances for all the participants gives the DAV S value.
• Similarly, as before, for each randomization, we considered the mean Euclidean
distance between eye position of participants of G1 and sound source (Di, i =
1, 2...5000).
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− We took the mean of 5000 distance values as the reference (DR), which was
affected only by image information.
− Afterwards, for each frame, we calculated DAV S−DR for all the classes with one
sound source. This difference reflects the influence of the sound information.
The difference of DAV S and DR for all the classes with one sound source over time are
shown in Fig. 4.9. If the values of DAV S −DR are negative, the group with AV condition
is closer to the sound source than the random group.
(a) speech (b) singer
(c) human noise (d) animal
(e) music (f) action
(g) impact and explosion (h) vehicles and mechanics
Figure 4.9: Difference (DAV S −DR) over time for eight sound classes in “on-screen with
one sound source” cluster.
Visually, in Fig. 4.9, different sound classes perform differently. To find out which
classes give the highest difference between DAV S and DR, we took the same duration of
one second (25 frames) in the previous analysis, from frame 6 to 30 after the beginning
of the second sound:
− We compared DAV S (the mean of DAV S over the 25 frames) to the distribution of
Di (i = 1, 2, ...5000), where Di was the mean of Di between G1 and sound source
over the 25 frames for the random trial i.
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− To estimate the probability of Di being smaller than DAV S, we calculated p =
n/5000 where n is the number of Di which are smaller than DAV S.
In Table 4.5, Di is smaller than DAV S (p < 0.05), from frame 6 to 30 after the beginning
of the second sound, for speech, singer, human noise classes (marked with ) suggesting
that participants tend to move their eyes to the sound source only when they hear human
voice.
Table 4.5: Probability estimation of Di being smaller than DAV S from frame 6 to 30
after the beginning of the second sound
sound class p sound class p
speech  0.041 music 0.058
singer  0.039 action 0.292
human noise  0.002 impact and explosion 0.062
animal 0.283 vehicles and mechanics 0.849
4.4.2 Qualitative analysis of music class
The result in Table 4.5 shows that the probability of Di being smaller than DAV S for
music class is low (0.058), suggesting that participants have a tendency to move their eyes
to the sound source, but not as significant as human voice classes. We have 5 music clip
snippets, among these clip snippets, 4 snippets are humans playing musical instruments.
Example frames of 4 clip snippets are shown in Fig. 4.10.
In the previous calculation, we considered the musical instruments to be the sound
source. However, we may also assume that the instrument player’s face is more attractive
compared to the instrument itself because of its importance for visual attention [Lang-
ton 2008]. So, here is the question to be investigated: between the face of the person who
is playing the instrument and the instrument, which attracts human gaze?
We took the same duration of one second (25 frames) as above, from frame 6 to 30 after
the beginning of the second sound. The probability of DMi (DMi is the mean Euclidean
distance between G1 and Musical instrument) being smaller than DAVM (DAVM is the
Euclidean distance between eye position of participants with AV condition and sound
source — Musical instrument) is p = 0.164. The probability of DF i (DFi is the mean
Euclidean distance between G1 and Face of the player) being smaller than DAV F (DAV F
is Euclidean distance between eye position of participants with AV condition and the
attention-getting region — Face of the player) is p = 0.042.
Fig. 4.11 illustrates the distances from group with AV condition to musical instrument
(a) and to player’s face (b) over time. Here, the dark regions below zero represent smaller
76 Audio-visual experiment II
(a) (b)
(c) (d)
Figure 4.10: Example frames of 4 clip snippets in music class.
distances from a face or a musical instrument, that is, participants looked at both of
them. Furthermore, a face was reached more at the scene onset, as shown in Fig. 4.11
(b). Afterwards, both the face and the instrument were reached somewhat equally.
(a) Musical instrument is salient region. (b) Player’s face is salient region.
Figure 4.11: Average distance ((a) distance from Musical instrument (DAVM -DRM ),
and (b) distance from Face of the player (DAV F -DRF )) for 4 clip snippets of music class
over time.
4.4.3 Conclusion
Previous section concludes that the difference of eye positions from group with AV and
V conditions is significant only for human voice cluster: speech, singer, human noise and
singers classes. For this human voice cluster, the participants with AV condition tend to
move their eyes to the sound source in the scene after hearing human voice. For music
class, participants tend to move their eyes first to the player’s face rather than the sound
source –musical instrument for the first gaze after hearing the music.
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4.5 Analysis of fixation duration
4.5.1 Using paired t-test
We also investigated the effect of sound on fixation duration. For each participant, we
calculated the mean of fixation duration for each clip. Besides of the influence of sound
(AV and V condition), there were other two influence factors: different participants and
different clip content. In order to reduce the influence of these two factors, first model we
adopted was paired t-test (by clip and by participant).
Presentation of paired t-test
A paired t-test is used to compare the means of two population, that the observations
in one sample can be paired with observations in the other sample [Zimmerman 1997].
There are two examples of where this might occur:
− Before-and-after observations on the same participants (by participant).
− A comparison of two different methods of measurement or two different treatments,
when the measurements (or treatments) are applied to the same participant.
Compare to typical t-test, which requires the samples in the data should be independent
from each other, paired t-test consist of a sample of matched pairs of similar units, or
one group of units that has been tested twice (such as the examples above). This paired
t-test statistic is calculated as:
t =
d¯√
s2/n
(4.5)
where d¯ is the mean difference, s2 is the variance of the samples, n is the size of the
samples, and t is a Student t quantile with n-1 degrees of freedom.
Results
We investigated sound effect on fixation duration of human gaze of all the database of
AV and V conditions with paired t-test. Two influence factors: participant and clip were
considered separately. Each participant viewed five clips with AV condition and five with
V condition, hence the fixation duration with AV and V conditions were relevant. In this
situation, it was suitable to apply paired t-test.
In Fig. 4.12, by clip, AV condition has a shorter average duration of fixation (6.17
frames, 247 ms) than V condition (6.17+0.65 frames, 273 ms), and the difference is signif-
icant (t(9) = 2.479, p = 0.035). By participant, AV condition still has a shorter average
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duration of fixation (6.19 frames, 248 ms) than V condition (6.19+0.56 frames, 270 ms),
and the difference is significant (t(35) = 2.697, p = 0.011). That means, participants
move eyes more frequently with AV condition than with V condition with paired t-test.
Note that in [Coutrot 2012a] with very different experimental conditions, sound induces
a tendency to increase the fixation duration.
(a) by clip (b) by participant
Figure 4.12: Distribution and mean of average fixation duration for AV and V conditions:
(a) by clip (b) by participant).
4.5.2 Using mixed-effect model
According to a recent research, the mixed model is well suited for the analysis of bio-
logical data to deal with the variation between individuals (intersubject variance) and
the variation within an individual (intrasubject variance) [Demidenko 2004]. In our case,
intersubject variance is represented by the different participants and intrasubject vari-
ance is represented by the different clips. We only wanted to investigate the influence of
conditions (AV and V), but would not take into account the differences between partic-
ipants and between clips. By using mixed-effect models, we analyzed the fixed effect of
conditions with crossed random effects of participants and clips.
Presentation of mixed-effect model
A mixed model is a statistical model that contains both fixed effects and random effects.
These models are based on maximum likelihood methods and are in common use in many
areas of science, medicine, and engineering. A linear mixed model can be written as:
Y = Xβ + Zγ +  (4.6)
where the vector β is a vector of fixed effects parameters, whose elements are unknown
constants to be estimated from the data. The vector of random effects is denoted by γ
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and  is a residual error of random vector.
Fixed effect factor is defined with a finite set of levels, and when interest lies in
the estimation of each particular level effect. In our data, the effect of different
conditions (AV and V) is considered as a fixed effect, which is the same for all
observations in the calculation.
Random effect factor is defined with an infinite set of levels, with only a finite
subset presents in the data collection. The interest lies more in the variance induced
by these levels than in the estimation of the levels themselves. In our data, the
effect of different participants and clips are both considered as random effects in the
calculation.
Application of the model to the experiment, the random effects – subjects and items (in
our case, they are participants and clips) are not independent, but related. [Baayen 2008]
proposed to consider these two random effects as crossed random effects, with formula:
yij = Xijβ + Sisi +Wjwj + ij (4.7)
In our context, the vector yij represents the responses of participant i to clip j. Xij is
the design matrix for the fixed effect factor – condition (AV-V). Xij consists of an initial
column of ones and followed by columns representing factor contrasts and covariates. The
number of rows in Xij matrix is as much as the number of trials with participant i and clip
j. β is the vector of the fixed effect coefficients. Like in [Baayen 2008], the Si matrix is
the structure for participant i, and Wj matrix is the structure for clip j. The participant
matrix S and the clip matrix W can be combined into a single matrix written as Z, and
the participant and clip random effects s and w can be combined into a single vector
written as γ (in Eq. 4.6).
The formula in Table 4.6 means that the variable“Fixation”(fixation duration) depends
on several terms. The fixed effect is “Condition” (condition AV-V). The random effects
for “Participants” are specified as (1 + Condition|Participants). This notation indicates
that we introduce by-participant adjustments to the intercept (denoted by 1) as well as
by-participant adjustments to “Condition”. The random effects for “Clips” are specified
in the same way (1 + Condition|Clips).
In the simplified formula in Table 4.7, the random effects for “Clips” are specified as
(1|Clips). This notation indicates that we introduce adjustments to the intercept (denoted
by 1) conditional on “Clips”.
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In the past, it was difficult to fit mixed models with multiple and crossed factors to
large and possibly unbalanced data sets. The methods in the lme4 package from R 2
are particularly designed to fit models with several crossed random effect factors. The
following calculation is based on the lme4 package, proposed by [Bates b].
Results
In Table 4.6, AV condition has a shorter average duration of fixation (6.18 frames, 247
ms) than V condition (6.18+0.56 frames, 270 ms). It means that the participants with
AV condition tend to move their eyes more frequently compared to the participants with
V condition.
Table 4.6: Analysis of mixed-effect models with fixed effect – condition and crossed
random effects – participants and clips.
Formula: Fixation ∼ Condition+ (1 + Condition|Participants) + (1 + Condition|Clips)
AIC 1232 BIC 1266
Random effects:
Groups Name Variance Std.Dev. Corr
Participants (Intercept) 4.59 2.14
Condition V 1.18 1.08 0.095
Clips (Intercept) 0.08 0.29
Condition V 0.001 0.04 -1.00
Residual 1.07 1.03
Fixed effect:
Estimate Std. Error t value
(Intercept) 6.18 0.37 16.38
Condition V 0.56 0.21 2.64
The variance of intercept for “Clips” (0.08) is much lower than that for “Participants”
(4.59) in Table 4.6, suggesting the effect of clips was much lower than the effect of
participants. Hence, we simplified the formula of the random effects for “Clips” from
(1 + Condition|Clips) to (1|Clips). The results shown in Table 4.7 suggest that this
simplification is correct, since the t-value in Table 4.7 (2.65) is quite similar to that in
Table 4.6 (2.64).
Calculation by lmer provided estimations of the fixed-effects parameters, standard
errors for these parameters and a t-value, but no p-values. The reason was explained by
Bates –the author of lmer [Bates a]. The denominator degrees of freedom used to penalize
certainty are unknown with unbalanced, multilevel data in our calculation. Without this
degree of freedom, it is impossible to find related p-value to the t-value.
2R is an open source programming language and software environment for statistical computing and
graphics [R-project Web].
Audio-visual experiment II 81
Table 4.7: Analysis of mixed-effect models (simplified model) with fixed effect – condition
and random effects – participants and clips.
Formula: Fixation ∼ Condition+ (1 + Condition|Participants) + (1|Clips)
AIC 1228 BIC 1255
Random effects:
Groups Name Variance Std.Dev. Corr
Participants (Intercept) 4.59 2.14
Condition V 1.18 1.08 0.096
Residual 1.07 1.03
Fixed effect:
Estimate Std. Error t value
(Intercept) 6.18 0.37 16.45
Condition V 0.56 0.21 2.65
4.5.3 Conclusion
The analysis through two statistical models (paired t-test and mixed-effect model) show
that AV condition has a shorter average duration of fixation than V condition. It means
that the participants with AV condition tend to move their eyes more frequently, compared
to the participants with V condition. Besides the fixed effect – condition (AV-V), between
the random effects – participants and clips, effect of clips was much lower than that from
participants.
4.6 Discussion
The study in this chapter demonstrates that not only has human speech a strong effect
on human gaze when looking freely at videos, but also singer(s) and human noise. The
mean distance d between the groups with AV and V conditions is lower for “off-screen
sound source” cluster than for the two “on-screen sound source” clusters. The result
indicates that a change in auditory information affects human gaze, when the information
is linked to a visual event in the video [Hidaka 2010,Gordon 2011]. The reason might be
that synchronized audio-visual events capture attention rather than unpaired audio-visual
stimuli [Van der Burg 2010].
By calculating the difference between dAV V (the temporal mean of distances between
the two groups of participants) and randomization distribution di, we conclude that the
distance between participants with AV and V conditions is greater for four human classes
(speech, singer, human noise, and singers). The database excerpts about humans are
mostly made up of human voices, where the sound source is the speaker’s face. The result
of DAV S (mean of distance between participants with AV condition and sound source) is
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smaller than Di (randomization distribution), and implies that after the auditory stimuli,
humans searched for the sound source, associated with auditory information in the scene.
Interestingly, this kind of behavior is obvious when the auditory stimuli are a human
voice. Acoustic and visual speeches are strongly integrated only when the perceiver in-
terprets the acoustic stimuli as speech [Kim 2004, Tuomainen 2005]. Human voice has a
strong effect on audio-visual interaction. In Fig. A.8 (a), the distance between partici-
pants with AV and V conditions of “speech” class increases after 6 frames. However, in
Fig. 4.9 (a), the eye positions of participants with AV condition seem to reach the sound
source after 14 frames. It takes 8 frames on average (320 ms) for a participant to move
their eyes to the sound source after detecting the second sound. Therefore, an increase in
uncertainty of one modality, in turn, increases the influence of another [Heron 2004]. In
our case, the human speech is foreign to the participants, thus, the uncertainty of acoustic
information increased: that is, visual information is processed to locate the human sound
source.
In the “music” class, the distance between the eye positions of participants with AV
condition and the human face (only the person playing the musical instrument) is smaller
than the distance between the eye positions of participants with AV condition and the
musical instrument. The visual event linked to the acoustic stimuli is the instrument, not
the face. The result shows that after the participants hear music, first they tend to move
their eyes to the player’s face. After a while, both the human face and musical instrument
are reached. One possible explanation of this behavior is that participants responded faster
to social stimuli (like faces) as compared to non-social stimuli (like houses) [Escoffier 2010].
Hence, after the stimuli of the second sound (music), participants first move their eyes to
the player’s face, then to the musical instrument.
The comparison of fixation duration between the groups of participants with AV and
V conditions was carried out. We observed that the group with AV condition had shorter
fixation duration than the group with V condition. One possible reason is that auditory
information brings additional information about sound source to participants. They ex-
plore the scene more quickly with AV condition. It may also be caused by the fact that
the responses of the participants to bimodal audio-visual stimuli were significantly faster
than unimodal visual stimuli [Sinnett 2008]. Recent research from [Zou 2012] also con-
firms that synchronous audio-visual stimuli facilitate visual search performance, and has
shorter reaction time than visual stimuli only. Another aspect, the influence of random
effect on conditions is mainly caused by the participants, not the clips.
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4.7 Comparison with visual saliency models
In the previous chapter, the comparison of the eye positions with Marat’s et al. visual
saliency model, showed that the accuracy of prediction decreased when the video data in
experiment I with original soundtrack. Is the performance of this visual saliency model
adapted with other video data with soundtrack, if we synchronized all the clip snippets
with the beginning of second sound of each clip snippet, not the beginning of the starting
frame of each clip snippet (such as described in section 3.4)? Hence, we repeated the
calculation of comparison of the data base in experiment II, but synchronized all the clip
snippets with the beginning of second sound of each clip snippet.
4.7.1 Criteria
First criterion we chose, was still the Normalized Scanpath Saliency (NSS) criterion, which
was described in section 3.4. It is especially designed to compare eye fixations with the
salient areas emphasized by a model saliency map.
An additional criterion, which was proposed by Torralba (TC) [Torralba 2006] et al.,
was applied to reinforce the results. This method simply estimates the ratio of the eye
positions predicted by the saliency map over all experimental eye positions. A eye position
is considered to be predicted, if it is projected on the most salient region. The most salient
region is 20% of the whole salient map surface. TC value is calculated in the equation
below:
TC = 100× Ninside
Nall
% (4.8)
where, Ninside is these positions inside salient regions, and Nall is the total experimental
eye positions.
4.7.2 Procedure
With the purpose of testing the prediction accuracy of the model, the procedure was
proposed below:
− First, we calculated the NSS for each clip snippet from the onset of the second
sound for both AV and V conditions.
− We then calculated NSSV (respectively NSSAV ), which is the average value of
NSS values for all the clip snippets, which were synchronized with the beginning
of second sound of each clip snippet.
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− Finally, we considered the NSSD difference (NSSV − NSSAV ) between groups of
participants with AV and V conditions.
This procedure to calculate for TC was the same as calculating NSS. This procedure
was applied on Marat’s et al. visual saliency model and Itti’s et al. saliency model
separately.
4.7.3 Comparison with Marat’s et al. visual saliency model
The visual saliency model we tested first was a spatio-temporal saliency model developed
in our laboratory by S. Marat et al. [Marat 2009]. This model was introduced in sec-
tion 2.4.2. This visual saliency model has two pathways: static and dynamic pathways.
Static pathway consists of two types of interactions based on the range of the receptive
fields: short interactions, which reinforce objects belonging to a specific orientation; long
interactions, which are used for contour facilitation. Static saliency map is sensible to the
contrast of the edge of the objects in the scene. Dynamic pathway is tightly linked to mo-
tion and particularly to the motion of a region against the background. Dynamic saliency
map is sensible to the motion amplitude against the background, not the orientation of
the motion.
Comparison with static pathway
Compared with static saliency maps, the NSS (and TC) values are calculated with groups
of participants with AV (NSSAV ) and V (NSSV ) conditions separately. In Fig. 4.13 and
Fig. 4.14, visually, the NSS and TC perform similar. Hence we only describe in detail
NSS curve.
In Fig. 4.13 (a), in a global view, NSSV decreases slowly. NSSAV also decreases slowly
with lower value than NSSV . In (b), if NSSD is above 0, suggesting higher NSSV value
than NSSAV . Visually, NSSD value is above 0, for a long duration (more than 1 second).
Hence, longer duration is chosen for analysis, from frames 6 to 56 (2 seconds) after the
second sound. Moreover, this duration from frames 6 to 56 is taken in the following
calculation of comparison with saliency models.
In order to verify whether the difference which is above 0, is significant or not, we
applied t-test and Wilcoxon signed-rank test here. In order to satisfy the requirement
of independent samples in t-test and Wilcoxon signed-rank test, we still took the mean
of NSS (or TC) difference of 8 continuous frames as one independent sample. Small
p − value (less than 5 %) indicates a rejection of the null hypothesis that the samples
have mean 0.
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(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 4.13: Results of prediction accuracy for static pathway, evaluated by NSS:
NSSV , NSSAV , and NSSD difference (NSSV −NSSAV ) over time. The frame 0 is at
the starting frame of the second sound in each clip snippet.
(a) TCV and TCAV between groups of par-
ticipants with AV and V conditions over time.
(b) TCD difference (TCV − TCAV ) between
groups of participants with AV and V condi-
tions over time.
Figure 4.14: Results of prediction accuracy for static pathway, evaluated by TC: TCV ,
TCAV , and TCD difference (TCV − TCAV ) over time. The frame 0 is at the starting
frame of the second sound in each clip snippet.
From the results of the statistical analysis in Table 4.8, we conclude that the accuracy
of prediction from the static pathway of the model decreases in a group with AV condition
compared to group with V condition during frames 6 to 56 after the appearance of the
second sound both in criteria NSS and TC.
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Table 4.8: NSS and TC difference between groups with AV and V conditions for static
pathway with t-test and Wilcoxon signed-rank test.
NSS TC
p-value from t-test 0.02 0.05
p-value from Wilcoxon signed-rank test 0.007 0.04
Comparison with dynamic pathway
Then, comparison of eye positions and the dynamic saliency maps was calculated with the
same procedure as static pathway. In Fig. 4.15 and Fig. 4.16, globally, the performance
of NSS and TC are similar.
In 4.15 (a), NSSV increased shapely from the beginning till about frame 15, then it
was stable. It was caused by the sound source in the screen normally corresponded to
motion. The motion was attractable. For NSSAV , it also increased at the beginning,
then, less stable than NSSV . In (b), NSSD which was above 0, lasts for a long duration
(more than 1 second). Same longer duration from frames 6 to 56 (2 seconds) after the
second sound and the mean of NSS (and TC) difference of 8 continuous frames as one
independent sample, were applied in statistical analysis t-test and Wilcoxon signed-rank
test.
(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 4.15: Results of prediction accuracy for dynamic pathway, evaluated by NSS:
NSSV , NSSAV , and NSSD difference (NSSV −NSSAV ) over time. The frame 0 is at
the starting frame of the second sound in each clip snippet.
From the results in Table 4.9, we concluded that the accuracy of prediction from the
dynamic pathway of the model also decreased in a group with AV condition compared to
group with V condition during frames 6 to 56 after the appearance of the second sound
both in criteria NSS and TC, and this decrement was significant at a level of 5%.
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(a) TCV and TCAV between groups of par-
ticipants with AV and V conditions over time.
(b) TCD difference (TCV − TCAV ) between
groups of participants with AV and V condi-
tions over time.
Figure 4.16: Results of prediction accuracy for dynamic pathway, evaluated by TC:
TCV , TCAV , and TCD difference (TCV − TCAV ) over time. The frame 0 is at the
starting frame of the second sound in each clip snippet.
Table 4.9: NSS and TC difference between groups with AV and V conditions for dy-
namic pathway with t-test and Wilcoxon signed-rank test.
NSS TC
p-value from t-test 0.02 0.04
p-value from Wilcoxon signed-rank test 0.01 0.03
4.7.4 Comparison with Itti’s et al. saliency model
Results of comparison of experimental eye positions with Marat’s et al. saliency model
showed that the prediction accuracy of both static and dynamic decreased in the group
with AV condition compared to group with V condition during a certain duration – from
frame 6 to 56 after the second sound. Besides this saliency model, we tested the most
popular and well-known visual attention model, which was proposed by Itti and Koch in
1998 [Itti 1998], and is described in section 2.4.2 in details.
This model focuses only on bottom-up process. Different attribute maps: intensity,
color and orientation features are extracted from the input scene. Then, a motion feature
is added in 2003 [Itti 2003] for video.
Comparison with model proposed in 1998
Comparison of eye positions and the saliency maps was calculated with the same procedure
as for Marat’s et al. visual saliency model. The results of NSS (and TC) values shown
in Fig. 4.17 (and Fig. 4.18) suggest there was no big difference between NSS and TC.
In Fig. 4.17 (a), visually, NSSV increases a little from the beginning till frame 10, then
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decreases slowly. Because the beginning of the second sound appears about 3 second (75
frames) after the beginning of each clip snippet, this increasing seems the second peak in
Fig. 3.14 (around frame 50). NSSAV performs similar to NSSV , but with lower value.
Same duration for NSSD and TCD, which is selected in comparison of Marat’s et al.
model, is chosen for analysis, from frames 6 to 56 (2 seconds) after the second sound.
Also, t-test and Wilcoxon signed-rank test are applied to verify whether the difference
which is above 0, is significant or not. We still take the mean of NSS (or TC) difference
of 8 continuous frames as one independent sample.
(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 4.17: Results of prediction accuracy for Itti’s et al. saliency model, evaluated by
NSS: NSSV , NSSAV , and NSSD difference (NSSV −NSSAV ) over time. The frame 0
is at the starting frame of the second sound in each clip snippet.
The results of the statistical analysis are shown in Table 4.10, suggesting that the
prediction accuracy had a tendency to decrease in a group with AV condition compared
to group with V condition, both in criteria NSS and TC. However, this decrement,
during frames 6 to 56 after the appearance of the second sound, was not significant at a
level of 5%.
Table 4.10: NSS and TC difference between groups with AV and V conditions for Itti’s
et al. saliency model, proposed in 1998, with t-test and Wilcoxon signed-rank test.
NSS TC
p-value from t-test 0.08 0.1
p-value from Wilcoxon signed-rank test 0.06 0.09
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(a) TCV and TCAV between groups of par-
ticipants with AV and V conditions over time.
(b) TCD difference (TCV − TCAV ) between
groups of participants with AV and V condi-
tions over time.
Figure 4.18: Results of prediction accuracy for Itti’s et al. saliency model, evaluated by
TC: TCV , TCAV , and TCD difference (TCV − TCAV ) over time. The frame 0 is at the
starting frame of the second sound in each clip snippet.
Comparison with motion pathway
To complete the initial saliency model to process videos, Itti’s et al. [Itti 2003] added a
“motion” pathway. Corresponding to dynamic pathway of Marat’s et al. model, we tested
this “motion” pathway separately.
Comparison of eye positions and the motion saliency maps was calculated in the same
procedure as above. In Fig. 4.19 and Fig. 4.20, visually, the NSS and TC perform
similar.
In Fig. 4.19 (a), NSSV performs stably all along time. NSSAV seems decrease slowly
from the beginning till frame 42, then increase a little. In (b), NSSD suggests the NSS
difference (NSSV -NSSAV ) is above 0 during frames 6 to 56 after the appearance of the
second sound. Hence, same duration is calculated for t-test and Wilcoxon signed-rank
test to verify whether this difference is significant.
From the results in Table 4.11, the prediction accuracy decreased in a group with AV
condition compared to group with V condition, both in criteria NSS and TC in a level
of significance of 5%, during frames 6 to 56 after the appearance of the second sound.
Table 4.11: NSS and TC difference between groups with AV and V conditions for
motion pathway with t-test and Wilcoxon signed-rank test.
NSS TC
p-value from t-test 0.02 0.009
p-value from Wilcoxon signed-rank test 0.03 0.01
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(a) NSSV and NSSAV between groups of
participants with AV and V conditions over
time.
(b) NSSD difference (NSSV − NSSAV ) be-
tween groups of participants with AV and V
conditions over time.
Figure 4.19: Results of prediction accuracy for motion pathway of Itti’s et al. saliency
model, evaluated by NSS: NSSV , NSSAV , and NSSD difference (NSSV − NSSAV )
over time. The frame 0 is at the starting frame of the second sound in each clip snippet.
(a) TCV and TCAV between groups of par-
ticipants with AV and V conditions over time.
(b) TCD difference (TCV − TCAV ) between
groups of participants with AV and V condi-
tions over time.
Figure 4.20: Results of prediction accuracy for motion pathway of Itti’s et al. saliency
model, evaluated by TC: TCV , TCAV , and TCD difference (TCV − TCAV ) over time.
The frame 0 is at the starting frame of the second sound in each clip snippet.
4.7.5 Conclusion
Comparison of the experimental eye positions with static and dynamic pathways in
Marat’s et al. saliency model, and Itti’s et al. saliency model proposed in 1998 and
additional pathway of motion in 2003, the results of NSS and TC both suggest that
prediction accuracy tended to decrease in a group with AV condition than in group with
V condition, during frames 6 to 56 after the appearance of the second sound. This de-
creasing of prediction accuracy is significant at a level of 5% for Marat’s et al. saliency
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model and the motion pathway from Itti’s et al. saliency model.
4.8 General conclusion
This chapter presented the audio-visual experiment II, which was also designed for the
purpose of investigating the sound effect on human gaze when looking at videos. Thirteen
different types of sound had been proposed. Through our analysis of difference between
the eye positions from group with AV condition and with V condition, we concluded that
not only human speech had a strong effect on human gaze when looking freely at videos,
but also singer(s) and human noise.
After the participants heard the sound of human voice cluster (speech, singer and
human noise), they moved their eyes to the sound source – talking face in the scene.
However, for music class, when there was a human playing a musical instrument in the
scene, participants tended to move their eyes first to the player’s face, rather than the
sound source – musical instrument.
Participants with AV condition had a significantly shorter average duration of fixation
than V condition, through the statistical analyses (paired t-test and mixed-effect model).
It suggested that the participants with AV condition move their eyes more frequently
compared to those participants with V condition.
When compared experimental eye positions to visual attention models proposed by Itti
et al. [Itti 2003] and Marat et al. [Marat 2009], we observed that the accuracy of eye
movement predictions decreased for the group with AV condition compared to the group
with V condition.
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Chapter 5
Preliminary audio-visual saliency
model
We investigated sound influence on visual gaze when looking at videos through audio-
visual experiments, which were described in details in previous two chapters. In audio-
visual experiment I (chapter 3), through the analysis of difference of the eye positions
between two groups of participants: with AV condition and with V condition, we observed
that sound affected human gaze differently depending on the sound type, and the effect
was greater for the on-screen speech class.
In audio-visual experiment II (chapter 4), a deeper investigation of the influence of
audio-visual interaction on eye movement was carried out. We compared the behavior
of human gaze in relation to thirteen more refined sound classes between two groups of
participants: with AV condition and with V condition. After the participants heard the
sound of human voice cluster (speech, singer and human noise), they moved their eyes
to the sound source (talking face) in the scene. However, for musical instrument class,
participants tended to move their eyes first to the player’s face, rather than the sound
source (musical instrument).
In this chapter, a state of the art of audio-visual fusion schemes and methods are first
briefly presented. Then, based on the results obtained from two audio-visual experiments
above, a preliminary audio-visual saliency model is proposed. This preliminary audio-
visual saliency model mainly concentrates on two different fusion strategies of speech and
musical instrument sound classes.
5.1 State of the art of audio-visual fusion
Current psychophysical studies on audio-visual interaction concentrate on two areas: the
influence of visual input on auditory perception and the influence of acoustic input on
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visual perception (described in section 2.2). To take into account the influence of audio-
visual interaction, when deal with multimedia analysis tasks, many researchers pay atten-
tion to multimodal fusion. A multimedia analysis task involves processing of multimodal
data, such as video with its original soundtrack, to obtain valuable insights about the
data. These multimedia data consist of related features, which are represented in mul-
tiple modalities. The fusion of these multiple modalities can provide complementary
information than single modality, and also increase the accuracy of the overall decision.
For example, fusion of audio-visual features with the incorporation of web casting text
analysis can significantly improve the event detection in the sport video [Xu 2008]. In
this thesis, we focused on human attention, which is multimodal in nature, with senses of
vision and hearing. Hence, we concentrated on the fusion of visual and audio information.
In the analysis process, audio-visual fusion comes with a certain computational cost and
complexity. This is due to the different characteristics of audio and visual information,
which are briefly described below:
- Visual and audio signals are captured in different formats and at different rates. In
a video, visual information is captured at a certain frame rate, which is different
from the audio sampling rate obtained from audio signal. Therefore, the fusion of
visual and audio information should consider this asynchrony.
- The processing time of visual and audio information are different. The complexity
of the signals are different: visual signal is two-dimension and audio signal is one-
dimension.
- The visual and audio events may be independent or related. For example, in cluster
of sound classes “on-screen with one sound source” described in chapter 4, visual
and audio events are related. In cluster of sound classes “off-screen sound source”,
visual events are independent from the audio events. When fusing visual and audio
information, the correlate or independent events may be fused differently.
5.1.1 Audio-visual fusion schemes
In order to solve these varying characteristics above in audio-visual fusion, different fu-
sion strategies are proposed. Four levels of fusion of visual and audio information are
presented in the following part: feature level, classifier level, decision level and hybrid
level [Shivappa 2010]. Fig. 5.1 shows different fusion strategies of feature, classifier and
decision levels.
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Figure 5.1: Different level of fusion strategies of visual and audio signals.
Feature level audio-visual fusion strategies
The feature level, also called early fusion approach, comes after the feature extraction of
input visual and audio streams. In the feature level fusion, numbers of features extracted
from visual and audio signals are numerous, and summarized as [Wang 2000]:
- Visual features: The visual features can be extracted from color, contrast, motion
etc.. The motion for example can be represented in the form of motion direction
and magnitude.
- Audio features: It may include features of energy, non-silence ratio, zero crossing
rate (ZCR), mel-frequency cepstral coefficient (MFCC), etc..
This feature level fusion has the advantage that it uses the correlation between vi-
sual and audio features at an early stage. However, the combined features from visual
and audio signals have a large dimensionality. For further calculation, dimensionality re-
duction techniques are required, such as principal component analysis (PCA), quadratic
discriminant analysis (QDA), linear discriminant analysis (LDA), etc.. However, this
fusion approach is hard to represent the time synchronization between relevant visual
and audio events. Hence it can not be applied to the tasks, which has strict temporal
synchronization requirement.
Several different audio-visual analysis tasks are using this early fusion. For example,
[O’Donovan 2007] proposed to fuse visual and audio information in a early stage for audio-
visual tracking. In their work, they treated the signal of microphone arrays as generalized
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camera arrays, not as two separate geometry sensors.
Classifier level audio-visual fusion strategies
The classifier level fusion comes after processing the features extracted from visual and
audio streams separately. Visual and audio information are fused within the classifier.
To model visual and audio streams separately, for example, dynamic Bayesian networks
(DBNs) are adopted.
This classifier fusion does allow the weighted combination of visual and audio modal-
ities, which is based on their reliability. This fusion scheme is widely applied on audio-
visual speech recognition systems. For example, [Shivappa 2008] proposed a multimodal
information fusion scheme based on iterative decoding theory with its application to audio-
visual speech recognition system.
Decision level audio-visual fusion strategies
The decision level, also called late fusion approach, involves the combination of probability
scores or likelihood values obtained from separate classifiers to obtain a final decision of
the task. Compared to feature and classifier levels of fusion, there are many advantages
for the decision level. Unlike feature level, where visual and audio signals have different
representation, in the decision level, they usually have the same representation. It will
be easier to fuse. On the other hand, in the decision level of fusion, local decisions are
obtained from different classifiers, it becomes time-consuming because of the learning
process in the classifiers.
A decision level fusion can be applied on improving speech recognition, by using audio-
visual models [Glotin 2001]. It can also be applied on detection of monologues in video
shots. [Iyengar 2003] fused the decisions obtained from a face detector and a speech
recognizer based on their synchrony score.
Hybrid level audio-visual fusion strategies
A combination of the feature level and decision level fusion strategies is studied by several
researchers to exploit the advantages of the fusion strategies above, named hybrid level
fusion.
In this hybrid level fusion, the features extracted from visual and audio signals sepa-
rately, are first fused in feature level and at the same time, the individual features are
analyzed in decision level. At last, all the decisions obtained are fused to obtain the final
decision.
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Several researchers have successfully adopted the hybrid fusion strategy in their appli-
cations. For example, [Keller 2009] proposed a spectral diffusion framework to provide a
spectral embedding of multimedia data, which was applied to audio-visual speech recog-
nition.
5.1.2 Audio-visual fusion methods
There are different methods to fuse visual and audio information. These methods are
suitable under different settings and can be classified to three main categories: rule-based,
classification-based and estimation-based methods [Atrey 2010].
Rule-based methods
These rule-based fusion methods include a variety of basic rules, such as linear weighted
rule, majority voting rule, custom-defined rule, etc.. Visual and audio information can be
combined in different levels of fusion with rule-based methods.
In this category, linear weighted fusion is widely used for the reason that it is one of the
simplest methods. For example, [Jaffre´ 2006] applied a linear fusion of audio and video
indexes in person identification from audio-visual source.
Classification-based methods
In this category, a variety of classification techniques such as support vector machine
(SVM), dynamic Bayesian networks, neural networks, etc. are used to classify visual (or
audio) information into one of the predefined classes. Visual and audio information can
be combined in different levels of fusion with classification-based methods.
For example, [Bredin 2007] proposed a biometric modality based scheme to identify
talking face. The main idea was to use the audio-visual speech synchrony measure between
the voice of the talking face and its related video frames. They adopted decision level
audio-visual fusion strategies, to calculate scores for speaker verification, face recognition
and synchrony. Then, these scores were sent and combined in a SVM model. This SVM
model provided the final decision of the identification of the talking face.
Estimation-based methods
In this estimation-based category, methods are mainly used to better estimate the state
of moving objects in audio-visual data, such as Kalman filter. [Talantzis 2006] proposed
a system for tracking people in three dimensions, adopting a decentralized Kalman filter,
which fused visual and audio information to better locate estimation in real time. Also,
they applied a decision level of fusion in their work.
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5.2 Preliminary audio-visual saliency model of speech
class
In previous analysis of audio-visual experiment I (section 3.5), we proposed to locate the
coordinates of the sound source manually in the scene. The sound source saliency maps
increased prediction accuracy of group of participants with AV condition, suggesting sound
source in the scene was attractive for participants with AV condition. Because there is
no spatial information contained in the sound signal of the database, it is a difficult task
to locate sound source in the visual scene automatically.
On the other hand, there is evidence that faces in the scene are preferred by the visual
system compared to other object categories [Rossion 2000], and can be processed at the
earliest stage after stimulus presentation [Ro 2001]. More precisely, a recent work by
Rahman [Rahman 2013] developed in our lab, shows that different faces in the scene do
not attract attention equally, eye movements are influenced by the location, number and
size of the faces. For speech class, if there is only one face, and this face is talking face, it
is well-known that this talking face region attracts attention for participants with AV and
V conditions. In the present study, we focus on a more complex situation that besides the
sound source (talking face), there are other faces in the scene, do other non-talking faces
still attract attention? To find out whether the sound source of speech class (talking face)
is more attractive than other faces of participants with AV condition. In this section, we
first present an investigation of eye movement behavior of the participants, when they
hear a sound of speech.
Database
To better investigate the eye movement behavior, we concentrated on clip snippets, which
satisfy two conditions :
- In audio aspect, soundtrack of the clip snippet contains speech period.
- In visual aspect, there is only one talking face in the frame, and there are other
non-talking faces in the same frame.
Hence, five clip snippets are selected from speech class (eleven clip snippets) in audio-
visual experiment II. Fig. 5.2 shows frame examples extracted from the five clip snippets.
5.2.1 Eye movement behavior of speech class
To investigate for participants whether sound source (talking face) is more attractive than
other non-talking faces during speech period, we consider each face region in the scene
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(a) Clip snippet I (b) Clip snippet II
(c) Clip snippet III (d) Clip snippet IV
(e) Clip snippet V
Figure 5.2: Frame examples extracted from five clip snippets in speech class: clip snip-
pets I to V.
as an individual saliency map. By comparing the experimental eye positions with each
individual face map separately, we can find out which face is more attractive. Detailed
description of this approach is presented below:
- First, we labeled the position of each face in the visual frame manually. The face
position is located by a bounding box. A frame example is shown in Fig. 5.3 (a).
- Then, in each face region, a 2-D Gaussian is applied in the bounding box. The
variance of this 2-D Gaussian is determined by the dimensions of the bounding
box. In each bounding box, from origin in both horizontal and vertical axis, the
amplitude of the 2-D Gaussian function remains the same value. This hand-labeled
face position covered with a 2-D Gaussian map is called face map Mf . Face map
examples are shown in Fig. 5.3 (b), (c), (d) and (e).
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To evaluate the comparison between eye positions and face map, we still chose NSS
and TC criteria, which are detailed in section 4.7.
In the following, we present the eye movement behavior of participants with clip snippet
I by using the approach above. First of all, the content of clip snippet I is described below:
- In the visual scene, there are four faces: one talking face and three non-talking
faces. From left to right in the frame, four faces are indexed from 1 to 4, and the
corresponding hand-labeled face maps are Mf1, Mf2, Mf3 and Mf4. Fig. 5.3 shows
a frame example in clip snippet I and Mf1, Mf2, Mf3 and Mf4 for the same frame.
- The soundtrack of clip snippet I is manually labeled: from frame 12 to 30 is speech
period, and face 1 is talking face; from frame 58 to the end is musical instrument
period (detailed analysis is presented in section 5.3), and face 4 is player’s face.
(a) A frame with hand-labeled face po-
sitions.
(b) Face map Mf1 (c) Face map Mf2
(d) Face map Mf3 (e) Face map Mf4
Figure 5.3: A frame example in clip snippet I with hand-labeled face positions and
corresponding face maps Mf1, Mf2, Mf3 and Mf4.
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To find out which face is more attractive during speech period, we compared experi-
mental eye position density map Mh from groups with AV condition (respectively with V
condition) with face map Mf1, Mf2, Mf3 and Mf4 separately. This comparison is eval-
uated by the criteria of NSS and TC. High NSS and TC indicate more participants
looking at the saliency regions.
Fig. 5.4 shows theNSS values of groups of participants with AV condition (respectively
with V condition) over time for Mf1, Mf2, Mf3 and Mf4 separately. In (a), visually,
NSSAV increases sharply after frame 15, resting at a high value before decreasing sharply
from frame 35. From frame 15 to 35, NSSAV is much higher than NSSV , suggesting with
AV condition, after the speech stimuli, participants tend to move their eyes to talking face
rather than other faces. In (b), both NSSAV and NSSV get a peak around frame 10. It
is because of the influence of previous clip snippet. At the end of previous clip snippet,
there exists salient regions around face 2. In (d), from frame 60 to 80, NSSAV is higher
than NSSV , we will analyze it in next section of musical instrument class.
To confirm the results, another criterion TC is calculated. Fig. 5.5 shows the TC values
of groups with AV and V conditions over time for Mf1, Mf2, Mf3 and Mf4 separately.
The performance of TC is similar to NSS (in Fig. 5.4), suggesting that talking face is
more attractive for participants with AV condition than other faces in the frame, during
the sound of speech period.
Both results of NSS and TC show that during the soundtrack of speech period, talking
face gained more attention than other faces in the frame in group of participants with AV
condition.
5.2.2 Proposal of an audio-visual saliency model
From investigation of clip snippet I above, we found that talking face was more attractive
for participants with AV condition than other faces in the frame. Hence, for a saliency
model, the principle is to locate talking face as salient region after the sound stimulus of
speech. Based on other studies, two hypotheses are proposed:
- Several researches pointed out that visual motion was in conjunction with associated
soundtrack [Kidron 2005]. Another important characteristic is that for talking face,
the movement of face (especially speaker’s lip) is synchronized with speech sound.
Hence, we propose as hypothesis that talking face is moving.
- Other studies pointed out that event boundaries corresponded to points of maximum
quantitative change of physical features [Zacks 2001, Evangelopoulos 2008a]. In a
video, during a period of speech, the maximum changes both in visual and audio
will be at the beginning or at the end of the speech period. Hence, we propose as
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(a) Compared with face map Mf1 (b) Compared with face map Mf2
(c) Compared with face map Mf3 (d) Compared with face map Mf4
Figure 5.4: Results of prediction accuracy of clip snippet I for face maps: Mf1, Mf2,
Mf3 and Mf4, evaluated by NSS. When face maps are compared with group with AV
condition (respectively with V condition), results are called NSSAV (NSSV ). The frame
1 is the starting frame of clip snippet I.
hypothesis that movement of talking face is temporally more salient at the beginning
of speech period.
Based on these hypotheses, we propose a kind of fusion of locations of all the faces
and motion information to identify talking face. Motion information is provided by dy-
namic/motion pathway of a spatio-temporal saliency model, which was developed in our
laboratory by S. Marat et al. [Marat 2009]. This dynamic/motion pathway is tightly
linked to motion and particularly to the motion of a region against the background.
To achieve the objective of locating talking face automatically, two main procedures
should be done:
- Soundtrack should be classified to speech and non-speech periods. Each period has
its corresponding starting frame and ending frame in visual over time. Original
soundtrack in clip snippets contains different types of sound, such as speech, music,
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(a) Compared with face map Mf1 (b) Compared with face map Mf2
(c) Compared with face map Mf3 (d) Compared with face map Mf4
Figure 5.5: Results of prediction accuracy of clip snippet I for face maps: Mf1, Mf2,
Mf3 and Mf4, evaluated by TC. When face maps are compared with group with AV
condition (respectively with V condition), results are called TCAV (TCV ). The frame 1
is the starting frame of clip snippet I.
animal, etc.. Moreover, most of the time, the soundtrack is multiple audio bands.
It means that at a certain time, the audio signal is mixed by more than one type
of sound. It increases the difficulty to classify the sound to speech and non-speech
periods. To avoid the error from misclassification, speech and non-speech periods
are labeled manually.
- Locations of all the faces in the scene should be given. For the reason that the
clip snippets have complex background and turning faces (not frontal face, which
is hard for face detector, like the well-known face detector proposed by Viola et
al. [Viola 2004]) in the frame. We hand-labeled the positions of all the faces in each
frame to avoid the error from mislabeled faces, before the selection of talking face.
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Figure 5.6: Flow chart of proposed saliency model for speech class.
The flow chart of the audio-visual saliency model is shown in Fig. A.10, and the
algorithm of fusion strategy I is described briefly below:
1. If it is the starting frame of speech (the boundary of audio event), we calculate the
spatial mean of dynamic/motion saliency value of each individual hand-labeled face
region, recorded as Mdfi(k) (i is index number of the face, and k is frame number).
2. After, we consider a short duration as the boundary of audio event, not just one
frame. Hence, we calculate the temporal mean of Mdfi(k) (k=1,2...7) (recorded as
Mdfi) for each individual face. Duration of seven frames is chosen for the reason
that it is equal to the mean fixation duration.
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3. The boundary of visual event which corresponds to this speech period should have
maximum quantitative change of motion. Dynamic saliency map is sensible to this
change of motion and represents this big change as high value of Mdfi . Hence, we
considered the face region, which has highest value of Mdfi as talking face region.
Once the talking face is selected at the beginning of speech period, this selection
will be kept over all this speech period.
4. At last, we added a 2-D Gaussian to the center of selected talking face region to
create talking face saliency map Mft.
This fusion strategy I of selecting talking face from all the faces performs well on the
database of five speech clip snippets chosen before. The talking faces in these five clip
snippets are 100% correctly selected.
5.2.3 Comparison with visual saliency model
In order to test the accuracy of prediction of proposed talking face saliency map Mft, we
compare Mft with other two visual saliency maps: dynamic/motion saliency map Md and
hand-labeled face map Mf . To evaluate the prediction accuracy of each saliency map, the
same criteria are chosen: NSS and TC. Fig. 5.7 shows a frame example of Md, Mf and
Mft.
(a) Original frame (b) Dynamic/motion saliency map Md
(c) Hand-labeled face map Mf (d) Talking face saliency map Mft
Figure 5.7: A frame example of dynamic/motion saliency map Md, hand-labeled face
map Mf and talking face saliency map Mft.
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First, Md, Mf and Mft are evaluated by criterion NSS. Fig. 5.8 shows the average
value of NSS of testing data of five clip snippets. All the clip snippets are synchronized
with the starting frame of speech. In (a), the performance of NSSAV and NSSV are
similar: stable over time with low NSS value. In (b), NSSAV increases sharply after the
stimulus of speech sound, then keeps a high value over time. In (c), NSSAV increases
sharply after the stimulus of speech sound, suggesting that talking face attracts attention
for participants with AV condition. However, NSSV is stable over time, suggesting that
talking face has no particular attraction for participants with V condition.
(a) Dynamic/motion saliency
map Md evaluated by NSS
(b) Hand-labeled face map
Mf evaluated by NSS
(c) Talking face saliency map
Mft evaluated by NSS
Figure 5.8: Results of prediction accuracy of mean of five clip snippets for Md, Mf
and Mft, evaluated by NSS. When maps are compared with group with AV condition
(respectively with V condition), results are called NSSAV (NSSV ). Frame 1 is the starting
frame of speech.
(a) dynamic/motion/motion
saliency map Md evaluated
by TC
(b) Hand-labeled face map
Mf evaluated by TC
(c) Talking face saliency map
Mft evaluated by TC
Figure 5.9: Results of prediction accuracy of mean of 5 clip snippet for Md, Mf and Mft,
evaluated by TC. When maps are compared with group with AV condition (respectively
with V condition), results are called TCAV (TCV ). Frame 1 is the starting frame of
speech.
Then, to confirm the result, Md, Mf and Mft are evaluated by criterion TC. Fig. 5.9
shows the average value of TC of testing data of the same five clip snippets. All the
clip snippets are synchronized with the starting frame of speech. In (c), both TCAV and
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TCV perform similar to NSSAV and NSSV (in Fig. 5.8). Hand-labeled face map Mf (in
(b)) gets highest difference between NSS and TC. For TC, it only takes into account
20% of most salient regions. Hence, in Mf , only small region of the center of each face is
considered.
At last, we observe in detail the same period as in chapter 4 that from frame 6 to 30
(1 second after speech stimuli). Table 5.1 shows the temporal mean value of NSS and
TC from frame 6 to 30 after the starting frame of speech of group of participants with
AV condition (respectively with V condition). Compared to dynamic/motion saliency
map and hand-labeled face map, talking face saliency map performs best in group of
participants with AV condition both evaluated in NSS and TC. However, when compare
to group with participants with V condition, this talking face saliency map does not
perform better than the other two maps. It suggests that participants with V condition
does not pay more attention to talking face.
Table 5.1: The temporal mean value (from frame 6 to 30 after the starting frame of
speech) of NSS and TC when compared with dynamic/motion saliency map Md, hand-
labeled face map Mf , and talking face saliency map Mft presented in Fig. 5.8 and 5.9
Saliency map Md Mf Mft
Condition AV V AV V AV V
NSS 0.53 0.29 1.87 1.43 2.00 0.84
TC 12.74 16.27 2.68 2.20 27.95 13.17
5.2.4 Conclusion
We observed that the talking face was more attractive than other faces in the frame for
participants with AV condition, after stimulus of speech. Then, to select talking face au-
tomatically, we fused hand-labeled face map with dynamic/motion saliency map, which
is the output of dynamic/motion pathways in Marat’s et al. visual saliency model. For
eye positions of participants with AV condition, this talking face saliency map performed
better compared to hand-labeled face map and dynamic/motion saliency map both eval-
uated by NSS and TC. Also, compared to condition V, this talking face saliency map
increased accuracy of prediction for condition AV after stimulus of speech.
5.3 Preliminary audio-visual saliency model of musi-
cal instrument class
Compared to speech class, which is well discussed in recent decades, music class is less ex-
plored. To better understand the influence of audio-visual interaction, when soundtrack is
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music, we propose a deeper investigation of eye movement behavior of musical instrument
class.
In musical instrument class, sound source in the visual scene is a potential salient
region, and according to knowledge presented in previous section that faces in the scene
are preferred by the visual system compared to other object categories, faces are also
potential salient regions. If there is no face in the scene, sound source will gain attention
rather than other objects. In the films, situation may be more complex. For example, in
audio aspect, soundtrack is music; in visual aspect, there is more than one face in the scene,
moreover, there is only one musical instrument in the frame, which is in conjunction with
soundtrack of music. In this section, we focus on this complex situation. We extract three
clip snippets from music class (seven clip snippets) in database of audio-visual experiment
II, which satisfy the conditions above, to create musical instrument class in the following
analysis.
Database
Fig. 5.10 shows a frame example of each clip snippet with soundtrack of musical instru-
ment. Three clip snippets are selected from music class with complex situation, which
satisfy conditions above. There is only one musical instrument carrying out music sound,
and more than one face are in the scene. However, we do not limit the number of other
objects in the scene. For example, clip snippet I contains four musical instruments. Be-
cause clip snippet I and IV have both speech and musical instrument periods separately
over time, they also appeared in speech class.
5.3.1 Eye movement behavior of musical instrument class
For musical instrument class, we consider the sound source of musical instrument class
is musical instrument, which is in conjunction with visual motion and carries out music
sound. In order to find out whether player’s face attract more attention than other faces,
we first present an investigation of eye movement behavior of the participants on one
example – clip snippet I over time. Clip snippet I contains four faces in the scene, and
one of them is player’s face. Four musical instruments are presented in the scene, and
one of them is sound source. The soundtrack of clip snippet I is manually labeled: from
frame 12 to 30 is speech period (discussed in previous section); from frame 58 to the end
is musical instrument period.
In clip snippet I, from left to right in the frame, four faces are indexed from 1 to 4,
and correlated hand-labeled face map are Mf1, Mf2, Mf3 and Mf4 (shown in Fig. 5.3).
The stimulus of musical instrument in soundtrack starts from frame 58, and face 4 is the
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(a) Clip snippet I (b) Clip snippet IV
(c) Clip snippet VI
Figure 5.10: Frame examples extracted from three clip snippets in musical instrument
class: clip snippets I, IV and VI.
player’s face. Fig. 5.4 shows the NSS values of groups with AV and V conditions over
time for Mf1, Mf2, Mf3 and Mf4 separately. In (d), visually, NSSAV increases sharply
after frame 60, and this increasing does not appear in NSSV . Compared to NSSAV in
(a), (b) and (c), after frame 60, Mf4 gets the highest value, suggesting that player’s face
is more attractive than other faces in the frame. Similar performance of another criterion
TC is shown in Fig. 5.5 to confirm the results.
5.3.2 Proposal of an audio-visual saliency model
From investigation of clip snippet I above, we found that after stimulus of musical in-
strument, participants tend to move their eyes first to the player’s face rather than to
the sound source (musical instrument). Moreover, compared to player’s face, other faces
in the scene have less attractability. Hence, for a saliency model of musical instrument
class, we propose to detect the player’s face as salient region after the musical instrument
sound stimulus. Fusion strategy II based on three hypotheses below, is proposed to detect
player’s face automatically:
- Visual motion is in conjunction with associated sound source (musical instrument).
- At the beginning of musical instrument period, visual motion is highest on sound
source (musical instrument) region.
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- The Euclidean distance between musical instrument and the player’s face is shortest,
compared to distance between musical instrument and non-player’s face in the frame.
Before fusion strategy II, which fused motion and face information to detect player’s
face, two main procedures should be done:
- Soundtrack should be classified to speech and non-speech periods. Each period has
its corresponding starting frame and ending frame in visual over time. Original
soundtrack in clip snippets contains different types of sound, such as speech, music,
animal, etc.. Moreover, most of the time, the soundtrack is multiple audio bands.
It means that at a certain time, the audio signal is mixed by more than one type
of sound. It increases the difficulty to classify the sound to speech and non-speech
periods. To avoid the error from misclassification, speech and non-speech periods
are labeled manually.
- Locations of all the faces in the scene should be given. For the reason that the
clip snippets have complex background and turning faces (not frontal face, which
is hard for face detector, like the well-known face detector proposed by Viola et
al. [Viola 2004]) in the frame. We hand-labeled the positions of all the faces in each
frame to avoid the error from mislabel faces, before the selection of talking face.
The flow chart of the audio-visual saliency model of musical instrument is shown in
Fig. A.11, and the algorithm of fusion strategy II is described briefly below:
1. If it is the starting frame of music, fusion strategy II begins to work to locate
sound source (musical instrument). The localization of the sound source comes from
the dynamic/motion saliency map. More precisely, the sound source is the region
characterized by 20% pixels with highest values in the dynamic/motion saliency
map. If the region of 20% pixels with highest values is not connex, region with
higher spatial mean value is considered as sound source.
2. Then, the Euclidean distance between the center of sound source and each individual
face in the frame is calculated. This distance is recorded as Dmfi(k) (i is the index
number of the face, and k is the number of frame). k=1 is the starting frame of this
music period.
3. After, we calculate the temporal mean of Dmfi(k) (k=1,2...7) (recorded as Dmfi)
for each individual face. Duration of seven frames is chosen for the reason that it is
equal to the mean fixation duration value.
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Figure 5.11: Flow chart of proposed saliency model for musical instrument class.
4. We considered the face region, which has lowest value of Dmf as player’s face region.
If there are more than one face having lowest Dmf value, face with higher motion
value will be considered as player’s face. Once the player’s face is selected at the
beginning of music period, this selection will be kept over all this music period.
5. At last, we added a 2-D Gaussian to the center of selected player’s face region to
create player’s face saliency map Mfp.
This fusion strategy II to select player’s face from all the faces, is tested on the three
clip snippets in musical instrument class. The player’s faces in these three clip snippets
are 100% correctly selected.
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5.3.3 Comparison with visual saliency model
In order to test the accuracy of prediction of proposed player’s face saliency map Mfp, we
compare Mfp with other two visual saliency maps: dynamic/motion saliency map Md and
hand-labeled face map Mf . To evaluate the prediction accuracy of each saliency map, the
same criteria are chosen: NSS and TC. Fig. 5.12 shows a frame example of Md, Mf and
Mfp.
(a) Original frame (b) Dynamic/motion saliency map Md
(c) Hand-labeled face map Mf (d) Player’s face saliency map Mfp
Figure 5.12: A frame example of dynamic/motion saliency map Md, hand-labeled face
map Mf and player’s face saliency map Mfp.
First, Md, Mf and Mfp are evaluated by criterion NSS. Fig. 5.13 shows the average
value of NSS of testing data of three clip snippets with group of participants with AV
condition (respectively with V condition). All the clip snippets are synchronized with
the starting frame of music. In (a) and (b), the performance of NSSAV and NSSV are
similar: stable over time and lower NSS value. In (c), NSSAV increases sharply after the
stimulus of music sound, suggesting that player’s face attracts attention for participants
with AV condition. However, NSSV is stable over time, suggesting that player’s face has
no particular attraction for participants with V condition.
Then, to confirm the result, Md, Mf and Mfp are evaluated by criterion TC. Fig. 5.14
shows the average value of TC of testing data of three clip snippets. All the clip snippets
are synchronized with the starting frame of music. In (c), both TCAV and TCV perform
similar to NSSAV and NSSV (in Fig. 5.13). Hand-labeled face map Mf (in (b)) gets
highest difference between NSS and TC. For TC, it only takes into account 20% of most
salient regions. Hence, in Mf , only small region of the center of each face is considered.
Preliminary audio-visual saliency model 113
(a) Dynamic/motion saliency
map Md evaluated by NSS
(b) Hand-labeled face map
Mf evaluated by NSS
(c) Player’s face saliency map
Mfp evaluated by NSS
Figure 5.13: Results of prediction accuracy of mean of three clip snippets for Md, Mf
and Mfp, evaluated by NSS. When maps are compared with group with AV condition
(respectively with V condition), results are called NSSAV (NSSV ). Frame 1 is the starting
frame of music.
(a) Dynamic/motion saliency
map Md evaluated by TC
(b) Hand-labeled face map
Mf evaluated by TC
(c) Player’s face saliency map
Mfp evaluated by TC
Figure 5.14: Results of prediction accuracy of mean of three clip snippets for Md, Mf
and Mfp, evaluated by TC. When maps are compared with group with AV condition
(respectively with V condition), results are called TCAV (TCV . Frame 1 is the starting
frame of music.
At last, we observe in detail the same period from frame 6 to 30 (1 second after speech
stimuli). Table 5.2 shows the mean value of NSS and TC from frame 6 to 30 after the
starting frame of music of group of participants with AV condition (respectively with
V condition). Compared to dynamic/motion saliency map and hand-labeled face map,
player’s face saliency map performs best in group of participants with AV condition both
evaluated in NSS and TC. However, when compared to group with participants with
V condition, this player’s face saliency map does not perform better than the other two
maps.
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Table 5.2: The mean value (from frame 6 to 30 after the starting frame of music) of
NSS and TC when compared with dynamic/motion saliency map Md, hand-labeled face
map Mf , and player’s face saliency map Mfp presented in Fig. 5.13 and 5.14
Saliency map Md Mf Mfp
Condition AV V AV V AV V
NSS 0.76 0.57 0.82 0.74 1.05 0.46
TC 9.51 13.75 1.03 0.51 12.16 6.06
5.3.4 Conclusion
We observed that the player’s face was more attractive than sound source (musical instru-
ment) and also than other faces in the frame for participants with AV condition in musical
instrument class. We proposed the fusion strategy II, which fused hand-labeled face map
with dynamic/motion saliency map, which is the output of dynamic/motion pathways in
Marat’s et al. visual saliency model. Sound source (musical instrument) is the region
characterized by the 20% pixels with highest values in the dynamic/motion saliency map.
After, the face, which was closer to the musical instrument, was considered as player’s
face. Compared to condition V, this player’s face saliency map increased accuracy of pre-
diction for participants with AV condition after stimulus of music. Also, this player’s face
saliency map performed better than hand-labeled face map and dynamic/motion saliency
map both evaluated by NSS and TC.
5.4 General conclusion
This chapter presented a preliminary audio-visual saliency model with two different fusion
strategies of speech (fusion strategy I) and musical instrument (fusion strategy II) sound.
Based on knowledge that sound source is tightly linked to motion, and faces attract
more attention than other objects, we fused dynamic/motion saliency map (from a visual
saliency model proposed by Marat’s et al.) and hand-labeled face map.
Fusion strategy I of speech class fused dynamic/motion saliency map with hand-labeled
face map to select talking face as salient region automatically. This talking face saliency
map performed better compared to other maps separately both evaluated by criteria of
NSS and TC in the database of speech class. Also, this talking face saliency map increased
accuracy of prediction for participants with AV condition compared to V condition.
Fusion strategy II of musical instrument class selects player’s face as salient region
automatically, by fusing dynamic/motion saliency map with hand-labeled face map. This
player’s face saliency map performed better compared to other maps separately in the
database of musical instrument class. Also, it increased accuracy of prediction for partic-
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ipants with AV condition compared to V condition.
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Chapter 6
Conclusions and perspectives
In this thesis, we focused on better understanding the influence of sound in videos on eye
movement. We began our study through an eye tracking experiment to answer the ques-
tions: “Is there an influence of sound on eye movement in videos? If yes, does different
types of sound influence eye movement in videos differently?”. Two audio-visual experi-
ments were designed to explore the influence of audio-visual interaction on eye movement.
To observe this influence, experimental eye positions of participants were recorded and
analyzed. Finally, from observations during the experiments, a preliminary audio-visual
saliency model was proposed to predict salient regions in videos with soundtrack. In the
following, the main contributions and several perspectives are summarized.
6.1 Conclusions
In this study, two audio-visual experiments were designed to explore the influence of audio-
visual interaction in human behavior. Short video excerpts with their original soundtrack
were selected as experimental video data in the experiments. The video data were pre-
sented with two conditions: with their original soundtrack (audio-visual (AV) condition);
the same video data without any sound (visual (V) condition). Through the analysis of
the difference between the eye positions of participants with AV and V conditions, several
results were observed.
Audio-visual experiment I: is there an influence of sound on eye movement in
videos?
• Sound influences eye movement in videos. In audio-visual experiment I, a group of
participants watched video data with AV condition and another group of participants
watched the same video data with V condition. We analyzed the difference of eye
positions between group of participants with AV and V conditions, and observed
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the existence of sound influence on gaze when looking at videos.
Moreover, different types of sound influenced eye movement differently. We defined
three classes of sound manually: on-screen speech class, non-speech class and non-
sound class (intensity below 40 dB). Difference of eye positions between the group
of participants with AV and V conditions was highest in on-screen speech class and
obviously lowest in non-sound class.
• Sound affects the prediction accuracy of a visual saliency model. We compared the
experimental eye positions of group of participants with AV condition (respectively
with V condition) with Marat’s visual saliency model. The results showed that
prediction accuracy of visual saliency model decreased in group of participants with
AV condition. Especially, when the sound was on-screen speech, the decreasing of
prediction accuracy was significant at a level of 1%.
• Sound source attracts attention. We investigated the frames with only one sound
source in the screen and located the coordinates of the sound source manually to
create the sound saliency maps. By Comparing the experimental data of the eye
positions (groups with AV and V conditions) and the sound saliency maps, the
prediction accuracy increases significantly, when soundtrack is on-screen speech.
Audio-visual experiment II: which type of sound influences eye movement in
videos?
Experiment I showed that sound influenced eye movements differently depending on the
sound type. To enrich our study of this influence of audio-visual interaction on eye move-
ment, the second audio-visual experiment (experiment II) was designed and considered.
• Human voice affects visual gaze in videos. Video data in experiment II contained
thirteen more refined sound classes. We investigated the influence of thirteen types
of sound on gaze separately, through the analysis of the difference of eye positions
between groups with AV and V conditions. The results confirmed that the effect
of sound was different depending on the kind of sound, and the classes with human
voice cluster (i.e. speech, singer, human noise and singers) had the greatest effect.
• Participants move their eyes to the sound source in human voice cluster. We as-
sumed that the sound source in the frame attracted attention and therefore cal-
culated the distance between sound source and eye positions of the group of par-
ticipants with AV condition. The results showed that sound source significantly
attracted human eye position only when the sound was human voice cluster.
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• Participants with AV condition had a shorter average duration of fixation than with
V condition. A typical model (paired t-test) and a more recent model (mixed-effect
model) were adopted in the calculation. Both results showed that participants
with AV condition had a shorter average duration of fixation than V condition,
suggesting that participants with AV condition move their eyes more frequently
than participants with V condition.
• Sound reduces the prediction accuracy of visual saliency models. Comparisons of
the experimental eye positions with Marat’s and Itti’s visual saliency models were
calculated. The prediction accuracy of both saliency models decreased more in group
with AV condition than with V condition during frames 6 to 56 after the appearance
of the second sound.
Preliminary audio-visual saliency model
In previous analysis, we found that the sound source saliency maps increased prediction
accuracy of group of participants with AV condition. Because in our video data, there is
no spatial information contained in the sound signal, it is a difficult task to locate sound
source in the visual scene automatically. We propose another approach. We assume that
visual motion is in conjunction and synchronized with associated soundtrack. In order to
improve the prediction accuracy of a visual saliency model with AV condition, by adding
sound information, a preliminary audio-visual saliency model is proposed. More precisely,
two fusion strategies for speech and musical instrument sound classes are proposed in this
model:
Because prediction accuracy of visual saliency model decreased with AV condition,
based on the knowledge acquired from the above experiments, we proposed a preliminary
audio-visual saliency model. In this model, by fusing audio and visual information, two
fusion strategies for speech and musical instrument sound classes were proposed to improve
the prediction accuracy.
• For speech class, identify the talking face. We focused on clip snippets with speech
soundtrack and multiple faces in the scene, but only one face is talking. Based on
the hypothesis that talking face is moving, we proposed to fuse face map (hand-
labeled) and dynamic saliency map (from Marat’s visual saliency model), to locate
the talking face as salient region automatically. This talking face saliency map
performs better than face map and dynamic saliency map separately.
• For musical instrument class, identify the player’s face. We focused on clip snippets
with music soundtrack and multiple faces in the scene, but only one face is player’s
120 Conclusions and perspectives
face. An additional hypothesis was that the Euclidean distance between musical
instrument and the player’s face is shortest, compared to other faces in the frame.
Then, a fusion strategy of face map and dynamic saliency map was proposed to
detect player’s face automatically. This player’s face saliency map performs better
than face map and dynamic saliency map separately.
6.2 Perspectives
This work has several perspectives focused on three aspects: eye tracking experiment (to
deeper analyze sound influence on gaze), more efficient audio-visual saliency model and
possibilities for using in other applications.
Test with non-original soundtrack in audio-visual experiment
In the audio-visual experiment I and II, influence of different sound types are not compared
directly, but through the comparison between participants with AV and V conditions of
each sound type. In future experiments, it will be interesting to compare the effect of
different sound types directly. New conditions of A and V can be created with non-
original soundtracks. As a paradigm, different types of sound can be added to the same
video excerpt to create different AV conditions with non-original soundtracks. This non-
original soundtrack method is already adopted by researches [Vilaro´ 2012] to investigate
how the soundtrack influences perception and comprehension of the scene. With these
non-original soundtracks, we can investigate how the participants manage the conflicts
of audio and visual contents. However, the influence of non-original soundtrack maybe
different according to whether the soundtrack could correspond or not to a visual event in
the video [Hidaka 2010,Gordon 2011]. Moreover, if the soundtrack and its corresponding
visual event in the scene is unsynchronized, it would be interesting to investigate whether
the influence of sound on eye movement would be different.
Improvement of audio-visual saliency model
• Face detector: In the preliminary audio-visual saliency model, all faces are hand-
labeled. Before hand-labeling all faces in the frames, we tested the well-known face
detector proposed in [Viola 2004]. However, faces in films usually are not front
faces and the background is complex. In this difficult context, this face detector is
not reliable enough. To solve this problem and increase the performance in videos
of Viola-Jones algorithm, some researchers introduced a face tracking process after
the detection of faces in the algorithm [Cao 2009]. Adding AdaBoost (Adaptive
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Boosting) learning to the Viola-Jones algorithm is also a possible way to increase
the detection of faces [Zhang 2010]. It is a possible way to improve face detection.
• Classification of sound type: We concluded that different sound class affects human
gaze differently. But for the moment, soundtrack is manually labeled. For an auto-
matic audio-visual saliency model, it is possible to introduce a sound classification
process. For this process, different audio features can be extracted as for example
Mel Frequency Cepstral Coefficients (MFCC) as proposed in [Feng 2011,Feki 2011].
For the classification, different algorithms exist, like Hidden Markov Model (HMM),
Support Vector Machine (SVM), neural network [Tkac 2011]. The sound classifica-
tion is particularly complex when there are mixtures of different sounds (for example,
speech and background music). Moreover, sound transition detector between two
successive sounds is also a possible process to be added in the model.
• Robust fusion strategy: The algorithms of face detection and sound classification
above will bring misclassifications. In this case, to reduce the influence of the mis-
classification, we can introduce weighted fusion strategy by using confidence values
of the detection and the classification. Also, if there are more than one sound source
in the screen, the weight between audio and visual saliency map could be different.
• Sound source localization in the image: Audio signals in experiments I and II contain
no spatial information. In a future work, by using data containing spatial audio
information, it would be interesting to locate one (or more) sound source. In this
case, it would be possible to investigate audio-visual saliency models based on the
fusion of sound source location and visual saliency maps, as already proposed in a
robotic application [Ruesch 2008].

Appendix A
Re´sume´ en Franc¸ais
Dans la vie quotidienne, nous recevons une grande quantite´ d’informations provenant de
l’environnement en utilisant nos cinq sens: la vision, l’audition, le gouˆt, l’odorat et le
toucher. Parmi ces cinq sens, nous de´pendons davantage du sens de la vision. En effet,
environ 80% de l’information sur l’environnement est acquise par la vision [Begbie 1996].
Par exemple, lors d’une taˆche de navigation, la vue nous permet d’e´viter les obstacles.
La perception visuelle est une taˆche complexe, qui est constitue´e d’un grand nombre de
me´canismes. Dans le cerveau, le cortex visuel est responsable du traitement de cette
entre´e visuelle. Le cortex visuel primaire transmet des informations a` deux voies prin-
cipales: l’une appele´e voie dorsale, qui est associe´e au mouvement, la repre´sentation de
l’emplacement des objets, et le controˆle des yeux; l’autre est la voie ventrale, qui est
associe´ a` la reconnaissance des formes et a` la repre´sentation des objets.
Des quantite´s importantes d’informations visuelles atteignent nos yeux a` chaque in-
stant, mais notre capacite´ visuelle n’est pas infinie. Afin de pouvoir re´agir rapidement et
correctement de`s la re´ception des informations de l’environnement, il existe des me´can-
ismes dans notre cerveau pour identifier un sous-ensemble d’information sensorielle essen-
tielle d’une sce`ne avant de poursuivre son traitement. Ces me´canismes guident l’attention
vers des re´gions particulie`res. Les yeux vont s’oriente´s vers des re´gions particulie`res ap-
pele´es re´gions saillantes qui attirent l’attention. Les capteurs pour la vision sont les yeux,
qui permettent l’entre´e de la lumie`re et sa conversion en impulsions e´lectro-chimiques dans
les neurones. Dans l’œil, des images haute re´solution sont fournies par le centre de la re´-
tine appele´e macula, qui est responsable de la vision centrale. Un champ visuel plus large
avec une re´solution infe´rieure est fourni par la partie restante de la re´tine.
L’e´tude du mouvement des yeux permet une meilleure compre´hension du syste`me vi-
suel et des me´canismes dans le cerveau pour se´lectionner les re´gions saillantes. La mod-
e´lisation de l’attention visuelle permet de pre´dire les re´gions saillantes. Il y a beaucoup
d’applications a` ce type de mode`les. Par exemple la se´lection des re´gions saillantes peut
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eˆtre utilise´ pour re´gler le niveau de compression dans des vide´os, ou pour guider le mou-
vement d’un robot mobile.
L’audition est e´galement un sens important pour recueillir des informations dans l’envi-
ronnement. Par exemple, lors d’une navigation, des alarmes sonores peuvent aussi nous
aider a` e´viter les obstacles. Dans le cerveau, le cortex auditif est une re´gion qui traite le son
et contribue ainsi a` la capacite´ a` entendre. Les neurones du cortex auditif primaire peuvent
eˆtre conside´re´s comme ayant des champs re´cepteurs couvrant une gamme de fre´quences
sonores de telle manie`re que les neurones d’un cote´ du cortex auditif re´pondent a` des
fre´quences basses, et ceux de l’autre cote´ re´pondent a` des fre´quences e´leve´es. la partie
restante du cortex auditif intervient dans les traitements suivants et distingue les types
de sons: la parole, la musique ou le bruit. Afin de pouvoir re´agir rapidement apre`s avoir
entendu le bruit de l’environnement, il existe aussi des me´canismes d’attention dans le
cerveau pour orienter l’attention vers les e´ve´nements saillants particuliers dans le domaine
audio. La mode´lisation du syste`me d’attention auditive doit eˆtre capable de pre´voir ces
e´ve´nements saillants, et peut eˆtre e´galement applique´e a` la de´tection d’e´ve´nements, tels
que la parole ou la musique.
A.1 Proble`mes
Nos diffe´rents sens rec¸oivent des informations corre´le´es correspondant aux meˆmes objets
ou e´ve´nements. Ces informations sont combine´es dans notre cerveau. Par conse´quent,
le comportement de l’homme n’est pas influence´ par un seul sens, mais par l’interaction
de plusieurs sens. Il est donc important notamment d’e´tudier comment la vision inter-
agit avec l’audition. Les premie`res recherches ont conside´re´ qu’un sens est se´pare´ des
autres modalite´s sensorielles. Ainsi l’inte´gration de caracte´ristiques provenant d’une seule
modalite´ (visuelle ou auditive) a e´te´ beaucoup e´tudie´e.
Des e´tudes re´centes d’inte´gration multimodale ont e´te´ re´alise´es. Dans [Quigley 2008],
l’influence de l’interaction audiovisuelle sur le mouvement des yeux a e´te´ aborde´e. Cette
e´tude e´tait de´die´e au me´canisme de l’influence de la position de la source sonore sur le
mouvement des yeux. Le son e´tait diffuse´ par des haut-parleurs place´s aux quatre coins
d’un e´cran et les stimuli visuels e´taient des images statiques. Cependant, l’effet du son
sur le regard dans le cas de vide´os est peu e´tudie´:
• Est-ce que le son a une influence sur le mouvement des yeux, quand on regarde des
vide´os (stimuli dynamiques et complexes) avec la bande son originale?
• Est-ce que cette influence est diffe´rente selon le type de son?
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Quelques mode`les de saillance audiovisuelle qui simulent le comportement sous l’influ-
ence des interactions audiovisuelles, ont e´te´ utilise´es dans certaines applications, par ex-
emple pour se´lectionner des images cle´s dans des vide´os [Lee 2011,Wang 2012]. Dans ces
exemples, un mode`le de saillance visuelle est utilise´ pour pre´dire les re´gions saillantes dans
des frames (ou images). Un mode`le de saillance audio est utilise´ se´pare´ment pour pre´dire
les e´ve´nements audio saillants. Chaque mode`le fournit une valeur de saillance unidimen-
sionnelle pour chaque frame (donc des informations spatiales fournies par le mode`le de
saillance visuelle sont perdues). Les images cle´s sont se´lectionne´es selon la combinaison
des courbes de saillances visuelle et audio.
A.2 Objectifs
Le premier objectif de cette the`se est de fournir une meilleure compre´hension de l’influence
de l’interaction audiovisuelle sur le regard humain. Pour cet effet, nous avons conc¸u des
expe´riences audiovisuelles pour e´tudier l’influence du son sur le regard de l’homme dans
des vide´os. Plus pre´cise´ment, nous cherchons des re´ponses aux deux questions de´crites
dans la section pre´ce´dente.
De plus, a` l’aide des connaissances acquises dans l’expe´rience, nous cherchons a` ame´liorer
un mode`le de saillance visuelle existant en ajoutant une voie audio supple´mentaire. L’objectif
est de proposer un mode`le de saillance audiovisuelle qui pre´dit plus pre´cise´ment les re´gions
saillantes pour les vide´os avec leur bande son originale.
A.3 Contributions
Dans cette the`se, nous nous inte´ressons a` une meilleure compre´hension de l’influence du
son sur le mouvement des yeux dans des vide´os. Nous de´butons notre e´tude par une
expe´rience de suivi oculaire pour re´pondre aux questions suivantes : « Est-ce que le
son dans les vide´os influence le mouvement des yeux? », « Si oui, quels types de son
ont une influence sur le mouvement des yeux dans les vide´os? ». Deux expe´riences
audiovisuelles sont conc¸ues pour e´tudier l’influence de l’interaction audiovisuelle sur le
mouvement des yeux. Pour observer cette influence, les positions expe´rimentales des yeux
des participants ont e´te´ enregistre´es et analyse´es. Enfin, a` partir de ces observations,
un mode`le pre´liminaire de saillance audiovisuelle est propose´ pour pre´dire des re´gions
saillantes dans les vide´os avec la bandes son originale.
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Expe´rience audiovisuelle I : Est-ce que le son dans les vide´os influence le
mouvement des yeux?
• Description de l’expe´rience audiovisuelle I.
Dans cet expe´rience, une base de donne´es compose´e de soixante morceaux de vide´os
de dure´e de 5 a` 8 secondes, morceaux appele´s « extraits (ou clip snippets) », ont e´te´
se´lectionne´s a` partir de sources de films he´te´roge`nes. Chaque clip est compose´ de 6
extraits (ou clip snippets), qui proviennent de diffe´rents films. La Fig. A.1 montre
le contenu de chaque extrait dans le « clip 1 ».
Cette base de donne´es a e´te´ cre´e´e avec deux conditions : condition audiovisuelle AV,
les donne´es vide´o avec des bandes son originales; Condition visuelle V, les meˆmes
donne´es video en e´liminant les sons. La Fig. A.2 illustre l’e´volution temporelle de
ces essais expe´rimentaux. Les participants ont e´te´ invite´s a` regarder les dix clips
sans aucune taˆche particulie`re. Un groupe des participants a regarde´ les donne´es
vide´o avec la condition AV, l’autre groupe a regarde´ les meˆmes donne´es vide´o avec la
condition V. Les dix se´quences ont e´te´ pre´sente´es a` chaque participant dans un ordre
ale´atoire. Les positions oculaires ont e´te´ enregistre´es par un oculome`tre Eyelink II.
Figure A.1: Le contenu de chaque extrait dans le « clip 1 ». Chaque extrait (ou clip
snippet) provient de diffe´rents films.
Voici un exemple de positions des yeux dans la Fig. A.3.
• Le son a une influence sur le mouvement des yeux dans des vide´os.
En observant qualitativement les positions des yeux des participants, nous concluons
que les diffe´rents types de son ont une influence diffe´rente sur les positions des yeux.
Par conse´quent, nous faisons une classification manuelle de toutes les positions des
yeux dans trois classes selon le type de sons : parole a` l’e´cran (le son provient d’un
locuteur visible sur l’e´cran), non-parole (signal audio de type quelconque sauf la
parole) et non-son (sons d’intensite´ infe´rieure a` 40 dB).
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Figure A.2: E´volution temporelle de deux clips de la condition AV. Pour controˆler le
regard du participant, une croix de fixation est place´e au centre de l’e´cran avant chaque
clip. Cette se´quence est re´pe´te´e avec les dix clips pre´sente´s dans un ordre ale´atoire pour
chaque participant.
Figure A.3: Un exemple de positions des yeux expe´rimentales de deux groupes de partic-
ipants. Les points rouges repre´sentent la position des yeux de participants dans le groupe
avec la condition AV, et les points verts repre´sentent les positions des yeux de participants
dans le groupe avec la condition V.
Afin de mesurer les diffe´rences de position des yeux entre le groupe avec la condition
AV et celui avec la condition V, deux mesures diffe´rentes ont e´te´ envisage´es: la
Distance Me´diane md et le Coefficient de Corre´lation line´aire cc.
La Fig. A.4 montre les re´sultats du test ANOVA des trois classes 1. Le re´sultat
F (2, 742) = 9.24 et p < 10−4 indique que, parmi les trois classes: parole a` l’e´cran,
non-parole et non-son, au moins la valeur moyenne d’une classe est significativement
diffe´rente de celles des deux autres classes. De plus, la valeur moyenne de md a
tendance a` de´croitre a` partir du groupe avec de la parole a` l’e´cran, vers le groupe
non-son. La valeur moyenne du groupe avec de la parole a` l’e´cran est tre`s diffe´rente
de celle des deux autres classes: parole a` l’e´cran et non-parole (F (1, 673) = 12.27,
1Dans la figure, ’*’ indique que la valeur de p est < 0, 05, ’**’ indique que la valeur de p est < 0, 01,
’***’ indique que la valeur de p est < 0, 001.
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p < 10−3), parole a` l’e´cran et non-son (F (1, 420) = 10.44, p < 10−2). Elle obtient la
valeur la plus e´leve´e entre ces trois classes avec les donne´es obtenues par la distance
me´diane md et elle correspond a` la diffe´rence la plus grande entre les groupes avec
AV et V conditions. Entre les groupes non-parole et non-son (F (1, 391) = 1.99,
p = 0.16), la diffe´rence n’est pas significative avec le test ANOVA.
Figure A.4: Comparaison (test ANOVA) sur les distances me´dianes md entre positions
oculaires calcule´es entre les deux groupes de participants (avec conditions AV et V) pour
trois classes de sons: parole a` l’e´cran, non-parole et non-son.
De plus, le re´sultat de cc confirme que la classe avec de la parole a` l’e´cran a la
diffe´rence la plus e´leve´e des positions des yeux entre le groupe des participants avec
la condition AV et celui avec la condition V . La classe non-son a la diffe´rence la
plus petite.
• Le son a un effet sur la pre´cision de la pre´diction d’un mode`le de saillance visuelle.
Pour comple´ter l’analyse, nous avons e´tudie´ dans ce paragraphe s’il existe un effet
sonore sur un mode`le de saillance visuelle. Afin d’e´valuer si la pre´cision de pre´diction
de mode`le de saillance visuelle de´croit, nous comparons les positions expe´rimentales
des yeux du groupe avec la condition AV (e´galement avec la condition V) avec un
mode`le de saillance visuelle.
Pour le mode`le de saillance visuelle, nous avons choisi le mode`le de saillance spatio-
temporelle de´veloppe´ par Marat et al. [Marat 2009]. Il est inspire´ par la biologie
des premie`res e´tapes du syste`me visuel humain, et est compose´ de deux cartes de
saillance: carte statique (sortie de la voie statique) et carte dynamique (sortie de
la voie dynamique). La voie statique du mode`le de saillance visuelle est consti-
tue´e de deux types d’interaction base´e sur le rayon des champs de re´ception. La
carte de saillance statique repre´sente principalement le bord des objets, qui ont un
grand contraste spatial. La voie dynamique est e´troitement lie´e au mouvement et
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en particulier au de´placement d’une re´gion par rapport au fond. La carte de sail-
lance dynamique est sensible a` l’amplitude de mouvement sur le fond et non pas a`
l’orientation du mouvement. Pour l’e´valuation, nous avons choisi le crite`re de “Nor-
malized Scanpath Saliency” (NSS) qui a e´te´ propose´ par Peters et Itti [Peters 2005].
Il est conc¸u particulie`rement pour comparer les positions des yeux avec les zones
saillantes extraites par un mode`le de saillance. Nous avons compare´ les positions des
yeux expe´rimentales des groupes des participants avec la condition AV (e´galement
avec la condition V) avec le mode`le de saillance visuelle propose´ par Marat et al..
Les re´sultats ont montre´ que la pre´cision de la pre´diction du mode`le de saillance
propose´ par Marat et al. diminue lorsqu’il est teste´ sur les vide´os avec des bandes
son originales. La diminution de la pre´cision de la pre´diction est apparue a` la fois
dans la voie statique et la voie dynamique. De plus, la diminution de la pre´cision
de pre´diction e´tait diffe´rente pour les diffe´rents types de son. Pour la classe avec de
la parole a` l’e´cran, la diminution de la pre´cision de pre´diction e´tait significative a`
un niveau de 1%. Toutefois, pour les deux autres classes: celle non-parole et celle
non-son, la pre´cision de pre´diction n’e´tait pas significativement diffe´rente entre les
conditions AV et V.
• La source du son peut attirer le regard.
Comme nous avons conclu que la pre´cision de la pre´diction d’un mode`le de saillance
visuelle diminuait quand il a e´te´ applique´ sur les donne´es vide´o avec des bandes son
originales, nous avons essaye´ de trouver une me´thode pour comple´ter ce mode`le de
saillance visuelle pour ame´liorer la pre´cision quand il est utilise´ avec des vide´os avec
des bandes son originales.
Selon nos observations, la source du son dans la vide´o attire le regard. Pour simplifier
le proble`me, nous ne conside´rons que les extraits de clip avec une seule source de son
a` chaque frame. Par conse´quent, nous avons marque´ manuellement les coordonne´es
de la source de son et l’avons appele´ « voie de la localisation des sons ». Ensuite,
nous appliquons une fonction gaussienne bi-dimensionnelle centre´e sur la position
de la source sonore afin d’obtenir une carte de saillance son. Enfin, nous comparons
les donne´es expe´rimentales de la position des yeux (groupe avec la condition AV et
celui avec la condition V) et les cartes de saillance sonores en utilisant la me´thode
NSS .
Les re´sultats ont montre´ que la pre´cision de pre´diction du mode`le de saillance peut
eˆtre augmente´e par l’ajout d’une voie son en localisant la source sonore. La carte
de saillance sonore, cre´e´ par une fonction Gaussienne bi-dimensionnelle de taille
approprie´e applique´e sur la source sonore, a augmente´ la pre´cision de la pre´diction
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dans la condition AV . Cette augmentation a e´te´ significative lorsqu’il y avait une
parole a` l’e´cran. Cependant, pour la classe non-parole, la pre´cision de pre´diction de
cette carte de saillance n’e´tait pas significativement diffe´rente entre les conditions
AV et V.
Expe´rience audiovisuelle II : Quel type de son influence le mouvement des
yeux dans les vide´os?
Graˆce a` l’analyse de la premie`re expe´rience audiovisuelle, nous avons observe´ que le son
influence diffe´remment le regard de l’homme dans les vide´os en fonction du type de son, et
cet effet est plus important pour la classe avec des paroles a` l’e´cran. Nous ne conside´rons
que trois classes de sons sans aucun controˆle strict de l’e´ve´nement sonore au fil du temps.
Pour e´tudier plus profonde´ment l’influence du son dans les vide´os sur le regard, une
deuxie`me expe´rience audiovisuelle est pre´sente´e dans cette section pour re´pondre a` la ques-
tion : quel type de son influence le regard de l’homme ? Nous comparons le comportement
du regard humain avec treize classes de sons de´finies plus finement. Les vide´os extraits
sont choisis de sorte que le de´but d’un son se produit au milieu d’une sce`ne visuelle. De
cette fac¸on, nous e´vitons un changement simultane´ du contenu de la sce`ne visuelle et de
la bande son. L’objectif est d’analyser l’effet du son en comparant les positions des yeux
avec les conditions AV et V.
Par conse´quent, nous avons conc¸u une nouvelle expe´rience audiovisuelle de deux groupes
de participants avec les conditions audiovisuelle (AV) et visuelles (V). Ensuite, nous avons
compare´ la diffe´rence des positions des yeux du groupe avec la condition AV et le groupe
avec la condition V des treize classes de son se´pare´ment. Pour e´tudier l’endroit ou` les
humains regardent apre`s l’apparition des stimuli auditifs, nous avons analyse´ la distance
entre la source sonore et les positions des yeux. Ensuite, les dure´es de fixation entre les
groupes avec des conditions AV et V sont analyse´es. Enfin, les positions expe´rimentales
des yeux sont compare´es avec les re´gions pre´dites par deux mode`les de saillance visuelle
(Marat et al. et Itti et al.). Une partie des re´sultats a e´te´ publie´ dans [Song 2012].
• Description de l’expe´rience audiovisuelle II.
Cette expe´rience audiovisuelle a e´te´ conc¸ue pour e´tudier quel type de son influ-
ence le regard dans les vide´os en observant les positions des yeux des participants.
Le principe de la conception de l’expe´rience est que chaque participant regarde la
moitie´ des extraits vide´o en version originale (condition AV) et l’autre moitie´ des
extraits vide´o sans bande sonore (condition V). Ensuite, nous e´tudions l’effet sonore
a` travers l’analyse de la diffe´rence des positions des yeux entre ces deux groupes de
participants.
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Par rapport a` l’expe´rience I, ces donne´es vide´o ont contenu treize classes plus raf-
fine´es de sons (description de chaque classe de son est pre´sente´e sur la Fig. A.5).
Cette classification est ve´rifie´e par une pre´-expe´rience.
Plusieurs 
sources sonores 
à l'écran
Parole : discours humain
Musique de fond : la musique sans source 
sonore sur l'écran 
Chanteur : chant d’un seul humain
Bruit de l'humain : bruit inarticulé de l'humain
Non-humain
Animal : bruit d’animal
Musique : instruments musicaux joués par 
l’homme
Action : bruit d’action ou de mouvement
Impact et explosion : bruit court intense
Véhicules et mécanique  : bruit mécanique 
régulier
Chanteurs : chants d'un groupe d'humains
Non-humain
Animaux : Bruit d’animaux
Actions : les phénomènes naturels qui font du 
bruit
Narration : Parole humaine hors de l'écran
Humain
Vivant
Humain
Non-vivant
 Une source 
sonore à l'écran
Source sonore 
hors écran
Non-vivant
Vivant
Figure A.5: Classification hie´rarchique du deuxie`me son
Une autre diffe´rence e´tait que les extraits vide´o ont e´te´ choisis avec la pre´sence du son
qui correspondait a` la sce`ne visuelle et un changement de son s’est produit au milieu
d’extraits (appele´ deuxie`me son) pour e´viter le changement simultane´ des contenus
visuel et audio. Cette conception e´vite aussi l’effet du biais central [Dorr 2010].
Un exemple d’un extrait (ou clip snippet) est pre´sente´ dans la Fig. A.6. Dans
cette expe´rience, chaque participant a regarde´ la moitie´ des extraits vide´o avec la
condition AV et l’autre moitie´ avec la condition V.
• La voix humaine dans les vide´os influence le regard.
Afin d’e´tudier l’effet du son sur le regard visuel, nous avons a` souvean compare´ les
positions des yeux des participants avec la condition AV et ceux avec la condition
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Figure A.6: Un exemple de quelques frames d’un extrait (ou clip snippet) avec la bande
son associe´e. La bande son est une succession de deux types de son. Dans cet exemple, le
premier son provient de l’homme au centre qui joue au piano, et le deuxie`me son provient
de l’homme qui chante au centre.
V.
D’abord, nous avons e´value´ la distance moyenne d entre les positions des yeux des
participants dans les deux groupes avec des conditions AV et V et dans trois groupes
de classes (voir Fig. A.5): “ une source sonore a` l’e´cran”, “ plusieurs sources sonores
a` l’e´cran” et “ source sonore hors e´cran”. Pour chaque extrait (ou clip snippet),
nous avons choisi 25 images (de la frame 6 a` 30 pour e´liminer le temps de re´action
d’environ 5 frames) apre`s le de´but du deuxie`me son. Nous avons utilise´ le test
ANOVA pour comparer la distance d entre les diffe´rents groupes de classes. Dans
la Fig. A.7, un test ANOVA indique que le groupe “ source sonore hors e´cran”
pre´sente la distance d la plus faible parmi les trois groupes de classes. La diffe´rence
est significative entre les groupes “une source sonore a` l’e´cran” et “ source sonore
hors e´cran” (F (1, 175) = 7.94, p < 10−2), et e´galement significative entre “plusieurs
sources sonores a` l’e´cran” et “ source sonore hors e´cran” (F (1, 73) = 8.69, p < 10−3).
Celle entre les groupes “une source sonore a` l’e´cran” et “plusieurs sources sonores
a` l’e´cran” n’est pas significativement diffe´rente (F (1, 184) = 0.12, p = 0.73). Ces
re´sultats sont confirme´s par deux autres crite`res: la divergence de Kullback-Leibler
KLD et le coefficient de corre´lation line´aire cc.
Ensuite, nous avons analyse´ les treize classes sonores se´pare´ment. Nous n’avons
pas directement analyse´ l’effet sonore a` partie de l’information audio, mais a` l’aide
des positions des yeux des participants; positions qui sont e´galement base´es sur
l’information visuelle. Afin de re´duire l’influence de l’information visuelle, nous
avons cre´e´ une ligne de re´fe´rence dR (moyenne de 5000 re´alisations ale´atoires) pour
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Figure A.7: Crite`res de distance moyenne d entre les participants avec les conditions
AV et V dans trois groupes de classes: “une source sonore a` l’e´cran”, “plusieurs sources
sonores a` l’e´cran” et “source sonore hors e´cran”. Une distance d plus grande repre´sente
une diffe´rence plus e´leve´e entre les groupes avec les conditions AV et V.
la comparaison statistique en effectuant une “randomisation” [Edgington 2007].
(a) parole (b) impact et explosion
Figure A.8: Diffe´rence moyenne (dAV V − dR) au cours du temps pour la classe “parole”
(11 extraits ou clip snippets) et “impact et explosion” (8 extraits ou clip snippets). La
frame 1 correspond au de´but du deuxie`me son. Les re´gions fonce´es repre´sentent une
(dAV V − dR) positive, ce qui indique que la diffe´rence entre les groupes AV et V est
supe´rieure a` celle entre les deux groupes ale´atoires.
La Fig. A.8 montre la diffe´rence au cours du temps entre dAV V et dR pour deux
classes: “parole ” (humain) et “impact et explosion” (non-humain). Si (dAV V − dR)
est positive, la diffe´rence entre les groupes AV et V est plus grande que celle entre
deux groupes cre´e´s ale´atoirement. Le comportement au fil du temps est diffe´rent
pour les deux classes sonores pre´sente´es.
Nous avons fait l’e´tude pour savoir quelles classes ont la diffe´rence la plus grande
entre dAV V et dR pour les frames successives. Pour quantifier l’effet sonore, il est
pre´fe´rable de mesurer l’effet du son pour chaque classe de son sur une certaine dure´e,
plutoˆt que sur chaque image seule. Nous avons e´tudie´ sur une pe´riode suffisamment
longue d’une seconde (25 frames) de la frame 6 a` 30 apre`s le de´but du deuxie`me
son. Nous avons compare´ dAV V (la moyenne temporelle de dAV V sur ces 25 frames)
avec la distribution de di, ou` di est la moyenne temporelle di des groupes ale´atoires
pour les 25 frames pour l’essai ale´atoire i. Pour estimer la probabilite´ d’obtenir une
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di supe´rieur a` dAV V , nous avons calcule´ p = n/5000, ou` n est le nombre de di qui
sont supe´rieurs a` dAV V . Les re´sultats ont montre´ qu’a` partir de la frame de 6 a` 30
apre`s le de´but du deuxie`me son, les classes de sons « parole », «chanteur», «bruit de
l’humain», et «chanteurs», ont des valeurs e´leve´es dAV V (donc des valeurs p faibles),
indiquant que la voix humaine affecte significativement le regard visuel (p < 0.05).
• Les participants de´placent leurs yeux vers la source sonore lorsqu’il s’agit de voix
humaine.
Nous voulons ve´rifier l’hypothe`se que les participants avec la condition AV de´placent
leurs yeux vers la source sonore de`s le de´but du deuxie`me son. Nous avons seulement
analyse´ la classe de son “une source de son a` l’e´cran”. Nous avons d’abord manuelle-
ment localise´ les coordonne´es approximatives du centre de la source du son. Ensuite,
nous avons calcule´ la distance Euclidienne entre la position des yeux de chaque par-
ticipant avec la condition AV et la source sonore. La moyenne de ces distances
Euclidiennes donne la valeur DAV S, qui est affecte´e a` la fois par l’image et des in-
formations sonores. De la meˆme fac¸on, afin de re´duire l’influence de l’information
visuelle, nous avons cre´e´ une ligne de re´fe´rence en effectuant une “randomisation”.
Nous avons conside´re´ la distance Euclidienne moyenne entre la position des yeux
des participants du G1 (compose´ de 18 participants, qui sont se´lectionne´s ale´atoire-
ment dans l’ensemble des participants des groupes avec les conditions AV et V) et
la source de son (Di, i = 1, 2...5000). Nous avons utilise´ la moyenne des 5000 valeurs
de distance pour calculer la ligne de base (DR), qui n’a e´te´ affecte´e que par les in-
formations de l’image. Ensuite, pour chaque frame, nous avons calcule´ DAV S −DR
pour toutes les classes qui ont une source de son. Cette diffe´rence met en lumie`re
l’influence de l’information sonore.
(a) parole (b) impact et explosion
Figure A.9: Diffe´rence moyenne (DAV S−DR) au cours du temps pour les classes“parole”
et“impact et explosion”. Les re´gions fonce´es repre´sentent une (DAV S−DR) ne´gative. Une
telle valeur indique que le groupe a` la condition AV est plus proche de la source de son
que le groupe ale´atoire.
La Fig. A.9 montre la diffe´rence entre DAV S et DR dans le temps et pour les classes
“parole” et “impact et explosion”. Lorsque les valeurs sont ne´gatives, le groupe avec
la condition AV est plus proche de la source sonore que le groupe ale´atoire. En
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conclusion, les diffe´rentes classes sonores se comportent diffe´remment.
Pour savoir quelles classes ont la plus grande diffe´rence entre DAV S et DR et pour
quantifier l’effet sonore, nous analysons sur une meˆme dure´e d’une seconde (25
images) comme dans l’analyse pre´ce´dente, de la frame 6 a` 30 apre`s le de´but du
deuxie`me son. Nous avons compare´ DAV S(la moyenne de DAV S a` travers de 25
frames) avec la distribution de Di(i = 1, 2, ...5000), ou` Di est la moyenne de Di
entre G1 et la source de son dans les 25 frames pour l’essai ale´atoire i. Pour estimer
la probabilite´ d’obtenir une Di infe´rieure a` DAV S, nous calculons p = n/5000, ou`
n est le nombre Di qui est plus petit que DAV S (p < 0.05) entre la frame 6 a`
30 apre`s le de´but du deuxie`me son. Cet effet apparaˆıt seulement dans les classes
sonores suivantes: parole, chanteur(s) et bruit de l’humain. Cette effet indique que
les participants ont tendance a` de´placer leurs yeux vers la source du son uniquement
quand ils entendent de la voix humaine.
• Les participants avec la condition AV ont une dure´e moyenne de fixation plus courte
que ceux avec la condition V.
Nous avons aussi e´tudie´ l’effet du son pour toute la base de donne´es sur les distri-
butions de dure´e de fixation. Il est classique d’e´tudier ces parame`tres [Tatler 2011].
Pour chaque participant, nous avons calcule´ la dure´e moyenne de fixation pour
chaque clip. Une me´thode traditionnelle - le test t apparie´ est employe´. Pour
chaque clip, la condition AV a une dure´e moyenne de fixation plus courte (6.17
frames, 247 ms) que la condition V (6.82 frames, 273 ms). La diffe´rence correspon-
dante est significative (t(9) = 2.479, p = 0.035). Par participant, la condition AV
a toujours une dure´e moyenne de fixation plus courte (6.19 frames, 248 ms) que la
condition V (6.75 frames, 270 ms). La diffe´rence correspondante est aussi significa-
tive (t(35) = 2.697, p = 0.011). Cela signifie que les participants avec la condition
AV ont tendance a` de´placer leurs yeux plus souvent par rapport aux participants
avec la condition V. De plus ce re´sultat est confirme´ par une me´thode plus re´cente
- mode`le a` effets mixtes [Baayen 2008].
• Le son re´duit la pre´cision de la pre´diction des mode`les de saillance visuelle.
Dans l’analyse de l’expe´rience pre´ce´dente, la comparaison des positions des yeux par
le mode`le de saillance visuelle propose´ par Marat et al. a montre´ que la pre´cision
de la pre´diction diminue lorsque les donne´es vide´o sont associe´es avec des bandes
son originales. Est-ce que les performances du mode`le de saillance visuelle sont
adapte´es a` des donne´es vide´o avec bande sonore? Par le savoir, nous avons re´pe´te´
la comparaison de la base de donne´es dans l’expe´rience II en synchronisant tous
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les extraits (ou clip snippets) au de´but du deuxie`me son de chaque extrait (ou clip
snippet).
Nous effectuous la comparaison des positions des expe´rimentales des yeux d’une part
avec les voies statique et dynamique dans le mode`le de saillance propose´ par Marat
et al., et d’autre part avec le mode`le de saillance propose´ par Itti et al. en 1998,
associe´ a` la voie supple´mentaire de mouvement (en 2003). Les re´sultats des NSS et
TC indiquent tous les deux que la pre´cision de la pre´diction a tendance a` diminuer
dans le groupe avec la condition AV plutoˆt que dans le groupe avec la condition V,
au cours des frames 6-56 apre`s le de´but du deuxie`me son. Cette diminution de la
pre´cision de pre´vision est significative a` un niveau 5% du mode`le de saillance visuelle
propose´ par Marat’s et al. et de la voie de mouvement dans le mode`le de saillance
visuelle propose´ par Itti’s et al..
Mode`le pre´liminaire de saillance audiovisuelle
Dans l’analyse pre´ce´dente, nous avons montre´ que les “cartes de saillance de la source de
son” ont augmente´ la pre´cision de la pre´diction du groupe des participants avec la condi-
tion AV. Parce qu’il n’y a aucune information spatiale porte´e dans le signal sonore dans
nos donne´es vide´o, il est difficile de localiser la source du son dans la sce`ne visuelle au-
tomatiquement. Nous proposons une autre approche. Nous supposons que le mouvement
visuel est en conjonction et est synchronise´ avec la bande son associe´e. Afin d’ame´liorer la
pre´cision de la pre´diction d’un mode`le de saillance visuelle avec la condition AV, un mod-
e`le pre´liminaire de saillance audiovisuel est propose´ en ajoutant des informations sonores.
Plus pre´cise´ment, deux strate´gies de fusion pour les classes sonores“parole”et“instrument
de musique” sont propose´s dans ce mode`le:
• De´tecter le visage parlant pour la classe de parole.
Nous nous sommes concentre´s sur des extraits de clip avec des bandes son de parole
et avec plusieurs visages a` l’e´cran, mais un seul visage correspond a` la seule personne
qui parle. Base´ sur l’hypothe`se que le visage parlant est en mouvement, nous avons
propose´ de fusionner la carte de visages (marque´s manuellement) et la carte de
saillance dynamique (dans le mode`le de saillance visuelle de Marat) pour localiser
automatiquement le visage parlant en tant que re´gion saillante.
L’organigramme du mode`le de saillance audiovisuelle est repre´sente´e dans la Fig.
A.10. L’algorithme de la strate´gie de fusion I est brie`vement de´crite ci-dessous:
1. Si c’est la premie`re frame de la parole (la borne de l’e´ve´nement audio), nous
Re´sume´ en Franc¸ais 137
Figure A.10: Organigramme du mode`le de saillance propose´ pour la classe parole.
calculons la moyenne spatiale de la valeur de saillance dynamique (ou de mou-
vement) de chaque re´gion du visage marque´ manuellement.
2. Nous avons conside´re´ la re´gion du visage, qui a la plus haute valeur de mou-
vement, comme e´tant la re´gion du visage parlant. Une fois le visage parlant
se´lectionne´ au de´but de la pe´riode de la parole, cette se´lection sera conserve´e
sur la dure´e entie`re de la parole.
4. Enfin, nous avons ajoute´ une fonction Gaussienne bi-dimensionnelle autour du
visage parlant choisi pour cre´er une carte de saillance du visage parlant Mm.
Cette strate´gie de fusion I de se´lection du visage parlant parmi tous les visages se
comporte bien sur la base de cinq extraits de clips choisis. Les visages parlants
dans ces cinq extraits de clips sont correctement se´lectionne´s. En outre, la carte de
saillance du visage parlant donne de meilleurs re´sultats par rapport a` la carte de
visage seule et la carte de saillance dynamique seule e´value´es par NSS et TC [Tor-
ralba 2006]. En outre, la carte de saillance de visage parlant augmente la pre´cision
de la pre´diction pour la condition AV apre`s de´tection de la parole.
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• De´tecter le visage du joueur pour la classe instrument de musique.
Nous nous sommes concentre´s sur des extraits (ou clip snippets) avec des bandes
son musicales et avec plusieurs visages a` l’e´cran, mais un seul visage de joueur d’un
instrument. L’hypothe`se supple´mentaire est que la distance Euclidienne entre un
instrument musical et le visage du joueur est la plus courte, par rapport a` la distance
a` d’autres visages dans l’image. Ensuite, une strate´gie de fusion de la carte de visage
et de la carte de saillance dynamique a e´te´ propose´e pour de´tecter automatiquement
le visage du joueur.
Figure A.11: Organigramme du mode`le de saillance audiovisuelle propose´ pour la classe
instrument de musique.
L’organigramme du mode`le de saillance audiovisuelle propose´ pour la classe instru-
ment de musique est pre´sente´ dans la Fig. A.11. L’algorithme de strate´gie de fusion
II est assez similaire a` la strate´gie de fusion I. Nous conside´rons la re´gion avec la
plus haute valeur de mouvement comme source sonore - instrument de musique.
Ensuite, le visage, qui est le plus proche de la source sonore, est le visage du joueur.
Apre`s, on a cre´e la carte de saillance de visage du joueur Mfp.
Cette strate´gie de fusion II, qui a pour objectif de se´lectionner le visage de joueur
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parmi tous les visages, est teste´ sur les trois extraits (ou clip snippets) dans la classe
instrument de musique. Le visage du joueur dans ces trois extraits (ou clip snippets)
est se´lectionne´ correctement. Par rapport a` la condition V, la carte de saillance de
visage du joueur augmente la pre´cision de la pre´diction pour les participants avec la
condition AV apre`s de´tection de la musique. Aussi, la carte de saillance de visage de
joueur a de meilleure performance que la carte de visage seule et la carte de saillance
dynamique seule qui sont toutes e´value´es par les crite`res NSS et TC.
A.4 Conclusions ge´ne´rales et perspectives
Dans cette the`se, nous nous sommes inte´resse´s a` une meilleure compre´hension de l’influence
du son sur le mouvement des yeux dans des vide´os. Nous de´butons notre e´tude par les
expe´riences de suivi oculaire entre deux groups de participants avec la condition audio-
visuelle AV (avec bande son originale) et avec la condition visuelle V. Ces expe´riences
audiovisuelles sont conc¸ues pour e´tudier l’influence de l’interaction audiovisuelle sur le
mouvement des yeux. Pour observer cette influence, les positions expe´rimentales des yeux
des participants ont e´te´ enregistre´es et analyse´es. Avec notre base de vide´os, il appa-
raˆıt que seules les classes de son “parole”, “chanteur(s)” et “bruit humain” influencent de
manie`re significative le mouvement des yeux. Enfin, a` partir de ces observations, un mod-
e`le pre´liminaire de saillance audiovisuelle est propose´ pour pre´dire des re´gions saillantes
dans les vide´os avec des bandes son: parole et instrument de musique.
Dans les travaux futurs, nous avons diffe´rents aspects a` ame´liorer dans notre mode`le
pre´liminaire de saillance audiovisuelle. Tout d’abord, nous pouvons remplacer le marquage
manuel des visages par un de´tecteur de visage, qui re´alise une de´tection automatique de
visage. Deuxie`mement, nous pouvons remplacer l’e´tiquetage manuel des bandes-son par
un classifieur sonore. Les algorithmes de de´tection de visage et de classification de son
apporteront des erreurs de classification. Dans ce cas, afin de re´duire l’influence de l’erreur
de classification, nous pouvons introduire une strate´gie de fusion ponde´re´e en utilisant des
valeurs de confiance pour la de´tection et la classification.
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Abstract — There exist mechanisms in the brain to bias attention towards particular re-
gions, namely the salient regions. According to existing literature, the visual attention can be
studied towards eye movements, however the sound effect on eye movement in videos is little
known. The aim of this thesis is to investigate the influence of sound in videos on eye move-
ment and to propose an audio-visual saliency model to predict salient regions in videos more
accurately. For this purpose, we have designed two audio-visual experiments of eye tracking.
In the experiments, participants watched video excerpts either with original soundtracks (AV
condition), or without soundtrack (V condition). The results show that the effect of sound is
different according to the types of sound and that the classes “speech”, “singer”, “human noise”
and “singers” have the greatest effect. Finally, we proposed a preliminary audio-visual saliency
model for speech and musical instrument sound classes. The audio-visual fusion strategies de-
fined in the model improves its predictability with AV condition.
Keywords: Eye movement, Attention, Video, Sound, Audio-visual experiment, Audio-
visual saliency model.
Re´sume´ — Il existe des me´canismes dans le cerveau qui portent notre attention sur des
re´gions particulie`res de notre environnement appele´es re´gions saillantes. Alors que l’attention
visuelle a fait l’objet de nombreuses e´tudes, l’effet du son sur les mouvements oculaires a encore
peu e´te´ explore´. L’objectif de cette the`se est d’e´tudier l’influence du son dans les vide´os sur
le mouvement des yeux et de proposer un mode`le de saillance audiovisuelle pour pre´dire plus
pre´cise´ment les re´gions saillantes dans les vide´os. Nous avons conc¸u dans ce but deux expe´ri-
ences audiovisuelles de suivi du regard. Dans ces expe´riences, les participants ont regarde´ des
extraits de vide´os soit avec la bande originale (condition audiovisuelle AV), soit sans bande son
(condition visuelle V). Les re´sultats montrent que l’effet du son est diffe´rent selon les types de
son et que les classes contenant de la voix humaine (classes « parole », « chanteur(s) », et « bruit
humain») ont le plus grand effet. Enfin, nous avons propose´ un mode`le pre´liminaire de saillance
audiovisuelle avec deux strate´gies de fusion d’informations audiovisuelles : l’une pour la classe
« parole », l’autre pour la classe « instrument de musique ». Ces strate´gies de fusion dans le
mode`le ame´liorent la pre´cision de pre´diction des re´gions saillantes pour la condition AV.
Mots cle´s: Mouvement oculaire, Attention, Vide´o, Son, Expe´rience audiovisuelle, Mod-
e`le de saillance audiovisuelle.
